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C H A P T E R 1 
INTRODUCTION 
1.1 INTRODUCTION 
Water is one of the most important molecules in chemistry and 
biology. Explanation of its properties in terms of molecular charge 
and current distributions have long been a challenging goal of 
experimental and theoretical investigations. As one of the simplest 
nonlinear polyatomic molecules and with several isotopie species (H„0, 
17 EDO, D_0, HD 0) readily accesible to careful measurements, water is 
a proving ground for ab-initio calculations in molecular quantum 
mechanics. From a theoretical point of view it is a prototype of 
triatomic molecule since only one of the three atoms involved has 
closed inner shells. 
The classic paper of Ellison and Shull (Ell 55) and a few others 
which followed it (Wee 60, Bis 66, Ham 67, Hag 67), dealt primarily 
with gross bonding properties and yielded in addition the geometrical 
parameters, the total and one-electron energies, and in some cases 
the values of the electric dipole moment and of the vibrational 
frequencies. The results were encouraging or discouraging depending 
on the way one looked at them. 
It has been pointed out that a satisfactory total energy does 
not necessarily imply a good description of the charge distribution 
(Mul 62). In consequence,one has to include also one-electron proper-
ties in testing the performance of the molecular wave function. 
Recently several SCF calculations on the ground state of the water 
molecule became available, which include also the expectation values 
of one-electron properties which depend only on the electronic ground 
state. Harrison (Har 67) used Gaussian lobe functions as a basis set 
for his calculations, while Aung et al (Aun 68) used Slater type Orbi-
tals, and Neumann and Moskowitz (Neu 68) the contracted and uncontracted 
Gaussian functions. These authors calculated the molecular electric 
dipole moment, the molecular electric quadrupole moment, the gradient 
of the electric field at the deuteron and the oxygen nucleus, the 
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diamagnetic shielding of the proton and the oxygen nucleus, and the 
diamagnetic susceptibility of the water molecule. 
At the start of this work only the experimental values of the 
di pole moment and of the components of the gradient tensor at the 
proton as well as at the oxygen nucleus were known. The absolute 
value for the dipole moment was determined from Stark effect of the 
rotational transitions of water (Nel 67). The quadrupole coupling tensor 
of 0 was determined by Stevenson and Townes (Ste 57) from the hyper-
17 fine structure of the 2--2. rotational transition of HD 0 using a 
conventional microwave spectrometer. The low resolution of their 
spectrometer casts heavy doubt upon reliablity of the results. Accurate 
values for the electric field gradient tensor at the proton nucleus 
were determined by Bluyssen et al (Blu 67) from the hyperfine struc-
ture of a number of rotational levels of D_0 and HDO by beam-maser 
spectroscopy. 
It was first shown by Harrick and Ramsey (Har 52), by Townes et al 
(Tow 55a), and later on by GrSff and coworkers (Dre 61, Grä 63, Grä 65, 
Grä 65a) that some of the remaining one-electron properties : the mole-
cular quadrupole moment, the sign of the electric dipole moment, and 
the anisotropies in the diamagnetic shielding and in the diamagnetic 
susceptibility can be determined from accurate measurements of the 
Zeeman effect of rotational levels of the isotopie species of a molecule. 
However, at the start of this work no accurate measurements of the 
Zeeman effect of water were available to determine these quantities. 
The present investigation was intended primarily to determine 
experimentally the hitherto unknown or only poorly known one-electron 
properties of the water molecule. To this end the hyperfine interac-
tions and the Zeeman effect of rotational levels of isotopie species 
of water are accurately investigated with a beam-maser Zeeman spectro-
meter. 
The high sensitivity,necessary for these experiments,is obtained 
by the application of beam modulation and phase sensitive detection 
in combination with time averaging techniques. The results may be used 
to investigate to which extent the hyperfine interactions, due to the 
proton and to the deuteron,depend on the rotational state and on isotopie 
substitution. 
12 
The first group of experiments comprises zero field measurements 
17 
on the 7-.-7« transition of HDO.the 2-2 transition of HD 0,the ^ -5 
transition of D?0,and on the б _-5 - transition of H~0.These measure­
ments supplement the available (Blu 6т,б7а) experimental data on hyper-
fine interactions of rotational levels of isotopie species of water and 
also serve as a check in sofar certain coupling tensors are really 
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molecular constants,The results on the 2„-2. transition of HD 0 are 
used to determine the electric field gradient at the oxygen nucleus. 
The second group of experiments deals with accurate determination 
of the Zeeman effect of rotational transitions of isotopie species of 
water.From the splitting pattern of these transitions accurate values 
of the molecular magnetic moments,of the magnetic susceptibility,and 
of the magnetic shielding are obtained. 
Four rotational transitions are selected for the measurements 
because of their, high signal to noise ratio.The two transitions of D.O 
enable us to determine the elements of the molecular magnetic tensor, 
the magnetic susceptibility tensor, and the magnetic shielding tensor. 
The elements of the molecular quadrupole tensor can then be calculated 
from the experimental data on magnetic moments and magnetic susceptibi­
lities. The Zeeman effect of a transition of HDO and of H O is measured 
to include isotopie effects and to determine the sign of the electric 
dipole moment. 
With these experimental results it is hoped to investigate the 
performance of the several basis sets used in the evaluation of the 
molecular charge distribution. 
1.2 HYPERFINE STRUCTURE OF ROTATIONAL SPECTRA 
Hyperfine structure in the microwave spectra of Σ molecules 
originates in the interactions of the nuclear moments with the internal 
fields. In the rough order of descending magnitude of the interaction 
energy these interactions in the case of asymmetric molecules are: 
1. the nuclear electric quadrupole interaction, 
2. the nuclear spin-rotation interaction, and 
3. the direct nuclear spin-spin interaction. 
The first interaction arises from the coupling of the nuclear 
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electric quadrupole moment with the gradient of the electric field at 
a given nucleus. The contributions to the gradient come from other 
nuclei and from the molecular electrons. The nuclear part can be 
calculated from the known molecular geometry. The electronic part 
depends only on the wave function of the molecular ground state. The 
17 . . . . 
quadrupole interaction of 0 gives rise to a hyperfine splitting typi­
cally from about 100 kHz up to about 2 MHz. The quadrupole moment of 
the deuteron yields splittings of about 50 kHz. 
The nuclear spin rotation interaction in a molecule,having a Σ 
electronic ground state, arises from the interaction of a nuclear magne­
tic dipole moment with the effective magnetic field at the nucleus. The 
effective· field depends on the rotation of the bare nuclear frame and 
on the excitation of electrons into higher electronic states with non­
zero angular momentum by the molecular rotation. The contribution of 
the spin-rotation interaction to the hyperfine energy is generally 
smaller than the contribution of the deuteron quadrupole coupling. 
The direct nuclear spin-spin interaction is the well known inter­
action between two magnetic dipoles. The magnitude of the interaction 
energy can be calculated from the molecular geometry and the known 
Values of the nuclear magnetic moments. It is generally smaller than 
the spin-rotation interaction. 
A review of the literature and of the experimental and theoretical 
results on these interactions are given elsewhere (Tow 55, Hui 66, 
Lee 66, Wac 67, Blu 68). 
1.3 ZEEMAN EFFECT IN ROTATIONAL SPECTRA 
A freely rotating Σ molecule (zero orbital and zero spin electro­
nic angular momentum) interacts with an external magnetic field by two 
mechanisms. 
The first mechanism is the interaction of nuclear magnetic moments 
and of the magnetic moment induced by the molecular rotation with the 
external magnetic field B. The energy of these interactions can be 
written as -μ.Β, where ν is one of the magnetic moments. This is clear­
ly the linear Zeeman effect. 
The second mechanism involves perturbation of the molecular charge 
1Ί 
distribution by the external magnetic field. The reaction of the 
molecular electrons to the applied field results in an induced molecular 
magnetic moment proportional to the field ,the constant of proportiona­
lity being the magnetic susceptibility. Consequently the interaction 
energy of the induced molecular magnetic moment with the applied magne-
2 . . 
tic field depends on В . In addition, the reaction of the electrons 
leads to a shielding of the nuclear magnetic moments from the applied 
field. This effect is known as "chemical shift" in nuclear magnetic 
resonance spectroscopy. 
The induced molecular magnetic moment depends generally on the 
direction of the magnetic field in the system of reference fixed in the 
molecule. This dependence is usually represented by a cartesian tensor 
of the second rank. The hyperfine and the remaining magnetic inter­
actions involve also similar tensors. 
The molecular magnetic moment tensor, the magnetic susceptibility 
tensor, and the magnetic shielding tensor are rather complicated func­
tions of the electronic states as discussed in Chap. 3. 
The molecular magnetic moment tensor consists of a nuclear and an 
electronic part. The electronic part is paramagnetic and depends both on 
the ground and on excited electronic states. Magnetic susceptibility 
and magnetic shielding tensors both consists of a paramagnetic and a 
diamagnetic part.The diamagnetic part depends only on the electronic 
ground state. 
As will be shown in Sect. 5·^,the paramagnetic part of the 
magnetic susceptibility is proportional to the paramagnetic contribu­
tion to the molecular magnetic moment. The proportionality constant 
depends only on the molecular geometry. A similar parallelism occurs 
between the paramagnetic part of the magnetic shielding and of the 
electronic part of the spin-rotation interaction of the same nucleus. 
Using these relations,average values over the electronic ground state 
of various operators as well as some information on excited electronic 
states can be obtained from the measured interaction constants. 
Burke and Strandberg (Bur 53) measured previously the molecular 
magnetic moments of water and obtained values of about 0.5 kHzG , 
using conventional microwave spectrometer whose resolution was about 
220 kHz. The resolving power of the present spectrometer is increased 
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by d. factor of 100 over that of Burke and Strandberg. This enables us to 
measure the g-value s more precisely. 
At the start of this investigation no measurement of magnetic 
susceptibility and shielding effects on rotational levels of asymmetric 
top molecules were known. The corresponding energy splittings are 
of the order of 1 kHz at 10 kG. The application of magnetic fields 
strengths of up to 12 kG in the present spectrometer yields measurable 
energy splittings because of these effects. 
In papers which appeared while this work was in progress, Hüttner 
et al (Hut 68), Hüttner and Flygare (Hut 69), and Sutter et al (Sut 69) 
reported the measurements of magnetic susceptibility effects in the 
microwave spectrum of formaldehyde, fluorobenzene, and ethylene oxide. 
1.1* THE BEAM-MASEH ZEEMAN SPECTROMETER 
At fields of about 20 kG, readily obtainable with ordinary labora-
tory magnets, the magnetic susceptibility and shielding effects of 
water yield energy splittings of up to a few kHz. It is therefore 
very difficult to resolve these effects by conventional microwave 
spectroscopy. The ultimate resolution of a high resolution spectrometer 
is determined by Doppler broadening and by the Uncertainty Principle. 
The use of molecular beams to reduce Doppler broadening was well 
recognized long ago. However, all spectrometers in the microwave region 
using this technique suffered of low sensitivity and found little 
application. Gordon et al (Gor 55a) showed that this limitation can 
be removed in some cases by the application of the maser principle. 
Practical realisation of this principle is the beam-maser spectrometer 
which combines high resolution with good sensitivitj ..Other successful 
high resolution spectrometers are: the molecular beam magnetic and 
electric resonance spectrometers,and the molecular beam millimeter-
wave spectrometer.The ultimate resolution of all these spectrometers is 
usually determined by the Uncertainty Principle.More detailed information 
about these and several other high resolution spectrometers is given by 
several authors (Tha 6l,Fly 6U, Hui 66, Wac 67, Blu 68), 
Previous measurements on the hyperfine structure of Hp0,HD0,and 
D O (Pos 60, Tre 62, Tha 6U, Hui 66, Blu 67,67a) showed,that the best 
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high resolution spectrometer,as far as resolving power and signal to 
noise ratio of rotational transitions of water are concerned,is the 
beam-maser spectrometer.The operation of the spectrometer is based upon 
the phenomenon of stimulated emission of molecules in a molecular beam. 
A simplified diagram of a beam-maser spectrometer is shown in Fig.2-1. 
The molecules emerging from the channels of a Zacharias oven pass 
through an electrostatic state selector before interaction occurs with 
electromagnetic radiation in a microwave cavity.The octupole state 
selector exerts a force on a molecule in the beam. This force depends 
on the Stark energy of the specific molecular state. Molecules in cer­
tain quantum states will be removed from the beam while molecules in 
other states are more likely to enter the microwave cavity. 
In the absence of any state βelection,only the small difference in 
population between the lower and the upper energy level involved in the 
transition contributes effectively to the absorption. When state selec­
tion is applied all molecules of the lower state can in principle be 
removed from the beam. The molecules entering the cavity are then all 
in the upper state from which they are stimulated to emit coherently 
by the electromagnetic field of the cavity As the number of molecules 
in the upper state is much larger than the population difference of the 
upper and lower state, the emitted power is also much larger than the 
absorbed power. This results in a gain in sensitivity which may be 
3 
even of the order of 10 . The emitted power is coupled out of the 
cavity and detected using sophisticated detection techniques. 
In a beam-maser Zeeman spectrometer the cavity is placed in an 
external magnetic field in order to observe Zeeman effect of the ro-
tional levels.The homogeneity and stability of the field in the cavity 
must fulfill several requirements to prevent line broadening of Zeeman 
transitions. 
It is clear from the foregoing that Stark effect plays a dominant 
role in the application of beam-maser Zeeman spectroscopy. The rather 
stringent requirements for the Stark effect are generally fulfilled 
when there are two isolated energy levels between which an electric 
dipole transition is allowed. 
In addition to the inversion transitions of ammonia (NH_), the 
slightly asymmetric light polar molecules (HDO, D O , H O , HDS, HDSe, 
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CHDO) have often such pairs of rotational levels separated by a micro­
wave frequency. Transitions of molecules with hindered rotation, such 
as CH..OH and H ?0 (Ver 66, Heu 69), and transitions between the compo­
nents of a Л-doublet of OH (Meu 69) may also have a favorable Stark 
effect. 
Although they do not have well isolated pairs of energy levels, 
some transitions of strongly polar linear molecules as CICN, ICN, BrCN 
(Tha 60) may also be investigated by a beam-maser Zeeman spectrometer. 
While this work was in progress, Shigenari (Shi 67) reported the 
construction of a beam-maser Zeeman spectrometer in order to investi­
gate both the hyperfine and first order Zeeman effect of several tran­
sitions of formaldehyde. He used magnetic fields up to UO G with an 
inhomogeneity of less than one per cent. 
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C H A P T E R 2 
THE BEAM-MASER ZEEMAN SPECTROMETER 
2 . 1 INTRODUCTION 
The present beam-maser spectrometer described in Sect.2.2 is a 
modified version of the designs of Thaddeus et al (Tha 6l) and of 
Bluyssen (Blu 68). A substantially new feature is the introduction 
of a stable and homogeneous magnetic field in the cavity in order to 
observe Zeeman effect of rotational spectra. 
Most of the investigated spectra are obtained by using a super-
heterodyne detection scheme with phase sensitive demodulation. The 
required modulation of the signal power is achieved by mechanical 
chopping of the beam. In order to increase the signal to noise ratio, 
we applied in addition sample averaging techniques. To this end we 
developed a method to feed automatically any desired number of spectra 
to a computer of average transients. A general survey of the detection 
system is given in Sect.2.3. Sensitivity of the spectrometer, its 
resolving power and stability are discussed in the last section. A 
short discussion of the results with a few examples of the recorded 
spectra serves as an illustration of performance and potentialities 
of the spectrometer. 
2.2 DESCRIPTION OF THE SPECTROMETER 
2.2.1 The vacuum system 
The vacuum system of the spectrometer (Fig. 2-1) consists of the 
main chamber housing the source, the selector chamber in which the 
state selector is mounted, and of a flat box containing the maser 
cavity. All chambers are made of stainless steel. All flanges are 
sealed with vi ton O-rings. 
The main chamber, a cylinder 30 cm in diameter and U5 cm long with 
four cross-wise located flanges, is pumped by an oil diffusion pump 
with a pumping speed of 500 1/s (Leybold, DO 500). 
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The selector chamber, also a cylinder, with a diameter of 13 cm and 
a length of 35 cm, is attached to the flange pointing in the direction 
of the magnet. The diameter of this chamber is determined by the 
available space between the coils of the magnet. The chamber contains 
in addition to the state-selector a liquid nitrogen trap. 
The last chamber of the vacuum system is a flat box (width U.8 cm) 
which fits in the gap between the poles of the magnet. This box con­
tains the microwave cavity and two liquid nitrogen traps. The cavity 
can be adjusted from the outside of the vacuum system by means of four 
screws mounted on the top side of "the box. This flange contains also 
the input waveguide of the cavity and the connections to the thermal 
tuning jacket. 
to microwave system 
Fig. 2-1. Schematic diagram of the molecular beam maser; 
L = liquid nitrogen trap; CL = cylindrical liquid nitrogen trap 
surrounding the state selector; С = microwave cavity; W = water 
jacket; S = state selector; CH = beam chopper; E = effuser; 
Ρ = pumping unit. 
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The pressure is measured with two ionisation gauges (Balzers І.Л. ), 
one mounted above the diffusion pump and one behind the last liquid 
nitrogen trap in the flat box. During operation of the spectrometer 
-7 the pressure is about 5 x 10 Torr. Assuming that the pressure between 
the two gauges does not increase above 10 Torr, the mean free path 
of the molecules will be larger than 10 m. As the molecules have to 
travel a distance of about 75 cm, attenuation of the beam is negligible. 
This is tested experimental1 y by increasing the pressure to a few 
times 10~ Torr. The maser signal did not show a measurable decrease. 
2.2.2 The molecular beam 
A rigid rack consisting of four stainless steel bars is mounted 
at the flange of the main chamber (Fig.2-1). The effuser, the beam-
chopper, the state selector, and the surrounding liquid nitrogen trap 
are attached to this rack. The entire unit, shown in Fig.2-2,can easily 
be moved in - and out of the vacuum chambers for readjustments and 
repairs. 
Fig. 2-2. Photograph showing the 
rigid rack (90 cm long) with the 
effuser, the beam chopper, the 
state selector, and the sur­
rounding liquid nitrogen trap. 
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The Zacharias effuser has a length of 6 mm and a diameter of 12 
mm. The number of channels is about UOOO. The estimated transparency 
is about 50 per cent. 
The beam chopper consists of a circular disk, 6 cm in diameter, 
with a raised border of 2 cm. The border is divided into four segments; 
the segments N0.I and 3 are open while the segments No.2 and h are 
closed. It is driven by an a.c. hysteresis motor (Globe Industries Inc.). 
The modulation frequency of the beam is 120 Hz at 60 revolutions per 
second of the chopper. A light beam perpendicular to the molecular 
beam is chopped simultaneously. The 120 Hz signal produced by a photo-
cell behind the chopper serves as a reference signal for the lock-in 
amplifier. 
The octupole state selector is made of stainless steel rods,2 mm 
in diameter and 25 cm in length. These rods are attached to perspex 
rings. The distance between the electrodes is 3 mm. The measurements 
are performed with 30-35 kV applied to the state selector. 
The reflection type maser cavity oscillates in the TM 010 mode. 
It is made of brass. The coupling hole is adjusted by trial and error 
for a reflection of 60 per cent which is close to the optimum opera-
ting conditions (Tha 61). The cavity is surrounded by a water jacket. 
The resonance frequency of the cavity is controlled by regulating the 
temperature of the water flowing through the jacket by a thermostat 
to within 0.02° C. 
Bluyssen (Blu 68) discussed extensively the molecular flow 
through a Zacharias effuser, the action of the state selector, and the 
influence of the cavity on the line form. Using Bluyssen1s results the 
estimated number of molecules entering the state selector of the pre-
sent spectrometer is about 10 mol/sec, and the number of molecules 
13 in the 2„ state of HDO entering the cavity is about 10 mol/sec. 
2.3 THE DETECTION SCHEME 
2.3.1 The superheterodyne detector 
Because of the very low signal-power level (< 10 W) the super-
heterodyne detection scheme, shown schematically in Fig.2-3, is used 
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tO MUI, 
Γυ 
Fig. 2-3· Superheterodyne detection scheme; A = attenuator; DC = directional coupler; 
U = ferrite isolator; ML = matched load; D = mixer crystal; M = multiplier crystal; 
WM = wave meter. 
for the de tec t ion of the maser emission. The output power of the 
s i g n a l - o s c i l l a t o r (SO) k lys t ron a t a frequency f i s fed to the micro-
wave cav i ty . The r e f l e c t e d f rac t ion of t h i s power i s t r ansmi t t ed to a 
c r y s t a l diode ( 1N23B), where i t i s mixed wi th the output of the l o c a l -
o s c i l l a t o r (LO) k lys t ron operat ing a t a frequency f ±30 MHz. The r e -
s u l t i n g b e a t - s i g n a l a t 30 MHz i s amplified by a low noise p re -ampl i f i e r 
(Airborne Instruments Laboratory) with a noise f igure of 1.5 dB and a 
bandwidth of 2.1 MHz. After demodulation of the 30 MHz s i g n a l by an 
IN67 c r y s t a l r e c t i f i e r , t h e s igna l i s fed to the l ock - in ampl i f ier 
tuned to the chopper frequency. A constant frequency dif ference of 30 
MHz between the LO- and the SO- k lys t ron a t any SO frequency i s secured 
by feeding a f r ac t ion of the amplified 30 MHz information s igna l to a 
Schomandl type FDS30 sync r iminator , where i t i s phase-locked to a 30 
MHz reference s i g n a l . 
The SO-osc i l l a to r i s coupled to a combined Schomandl-Rohde and 
Schwarz frequency generat ing system. In t h i s system, both the 
Schomandl ND30M var i ab le o s c i l l a t o r (300 Hz-31 MHz) and the Rohde and 
Schwarz XUC frequency synthes izer (1*70-1000 MHz) are driven by a 10 
MHz s igna l from the Rohde and Schwarz XSU o s c i l l a t o r . This o s c i l l a t o r 
i s coupled to a Varian R20 rubidium frequency s tandard . By varying the 
frequency of the ND30M o s c i l l a t o r any a r b i t r a r y frequency between 1*70 
and 1000 MHz may be obtained a t the output of the XUC. At the c r y s t a l 
M higher harmonics are then generated and mixed with the SO-klystron 
frequency. The r e s u l t i n g 30 MHz beat frequency i s phase locked to a 
30 MHz reference s igna l by means of a Schomandl FDS30 syncr iminator . 
By turn ing the tuning knob of the ND30M o s c i l l a t o r with an Halstrup 
synchronous motor , the SO- and LO-frequencies are swept s imultaneously. 
The frequency of the ND30M o s c i l l a t o r i s measured with a frequency 
counter (Hewlett Packard SL5233). A frequency marker u n i t coupled to 
t h i s counter generates the frequency markers which are recorded s imul-
taneously with the spectrum. 
Most spec t r a are measured with a sweep r a t e of about 230 Hz per 
second and a time constant of the lock- in ampl i f ier of 1 s e c . The 
s igna l to noise r a t i o of the u n s p l i t l i n e s runs up to 2500. The s igna l 
to noise r a t i o of the Zeeman and hyperfine components of the 6 -5
 1 
t r a n s i t i o n of H„0 i s too low to measure i t with t h i s method. These 
spectra are measured using time averaging techniques. 
2.3.2 The method of time averaging 
It is well known that the signal to noise ratio can be made, in 
principle, arbitrarily large by increasing the measuring time. This 
gain is often realized by decreasing the scan rate of the spectrometer, 
which allows the use of longer integration times. 
Generally, long-time fluctuations and instabilities of the detec­
tion system prevent the use of time constants longer than about 30 sec. 
In our spectrometer such instabilities are caused by variation of the 
output power of the klystrons and of the pressure in the vacuum system, 
and by the temperature dependence of the resonance frequency of the 
cavity and of the gain of the detectors and amplifiers. 
Instead of using the total available time for a single measurement 
at low sweep rate, one can sum over a number of relatively fast sweeps 
over the same frequency region with a correspondingly shorter time 
constant. In this process the information signals are added coherently 
while the noise tends to average because of its random nature. This 
method is called time averaging. 
The process of adding and averaging of spectra obtained from the 
successive scans is performed in our experiments by a Computer of 
Average Transients (Technical Measurements Corporation, type CAT UOO C). 
The CAT contains a magnetic core memory system in which the data are 
stored in binary decimal code form. The memory contains UOO addresses 
each capable of storing 2k binary digits representing 10 counts in 
decimal form. The total memory consists of 9600 cores. When triggered 
by a synchronizing signal, the CAT starts to sample the data at speci­
fic intervals , converting each sample into a digital number of counts 
proportional to the amplitude of the input data.The synchronizing 
signal is either fed externally to the trigger input or generated 
internally.The counts are stored in a particular address after being 
added to the number previously stored in this address.This adding takes 
36 usee for each sample.In consequence the CAT has a dead time of 
l+ООхЗб ysec for each scan.At a total sweep time of 16 sec,used in the 
present experiments,this dead time is negligible. 
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If we scan a spectrum η times and feed these spectra into the CAT, 
the signal to noise ratio increases as the square root of the number of 
scans, if we assume an invariant signal embedded in a wide band noise 
of constant amplitude.As in most experiments the number of summed 
spectra is proportional to the total time of measurement t, the signal 
to noise ratio is proportional to the »£ . Ernst (Ern 65) discussed the 
method of time averaging when correlation effects are present in the 
noise. In this case the square root law may loose its validity. 
The accumulated data may be displayed on the cathode ray tube of 
the CAT or read out in either digital or analog form. Any of these 
operations does not affect the contents of the memory. It is thus pos­
sible to monitor the summation of the spectra during the experiment 
without disturbing the process. Also turning off the CAT does not erase 
the information stored in the memory and so it is possible to sample 
the spectra over a number of days. 
2.З.З Detection with a CAT 
The CAT is connected to the lock-in amplifier of the super­
heterodyne detection scheme described in Sect.2.3 (See also Fig. 2-3). 
Below we give a few details of the operation and of the associated 
circuity of the CAT. 
The fundamental requirement for a successful application of the 
sampling techniques is a constant sweep rate over exactly the same 
frequency region at each sweep. Evidently,the start of each frequency 
sweep must be well synchronized to the time base of the CAT. These 
requirements cannot be satisfied when sweeping the SO-frequency with 
a Halstrupp motor at the ND30M because of irregularities in the rota­
tion of the motor. For this reason,the 10 MHz reference signal of the 
ÏDS30 syncriminator of the SO-klystron, set at the required starting 
frequency of the ND30M, is swept with a 10 MHz sweep unit developed 
in the electronic workshop of the laboratory. This sweep unit operates 
as follows. 
The signal of a variable 10 MHz generator is mixed with a 10 
MHz signal from a quartz oscillator. The resulting beat frequency is 
converted into a voltage which is compared with a saw-tooth voltage 
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generated independently in the unit. By feeding the difference 
voltage to a capacitance diode of the 10 MHz generator, a stable and 
linear 10 MHz sweep unit is obtained which follows the frequency of 
the saw-tooth voltage. The usual period of this voltage is 19 sec. 
At the beginning of a 19 sec period of the sweep unit,a pulse is 
generated which starts the CAT to average the data for 16 sec. Then 
the CAT waits for a new start-pulse. After 19 sec the sweep unit 
returns to the start frequency and starts the CAT once more, and so 
on. 
The start frequency and the sweep range of the sweep unit are 
adjustable. The start frequency is constant to within TO Hz over a 
period of 12 hours and linear in time within the experimental error 
as measured with the frequency marker unit described below. 
In the frequency marker unit the signal of the sweep unit is 
mixed with a signal controlled by the primary frequency standard. 
The resulting beat signal is fed to a filter containing a quartz 
crystal with a very high Q. When the beat frequency equals the reso­
nance frequency of the crystal, a sharp pulse (width about 10 Hz) is 
generated. By changing the frequency controlled by the frequency 
standard by 5 kHz very accurate frequency markers are obtained which 
are fed to the CAT. In this way it is possible to measure the fre­
quency of a transition more accurately than in the conventional 
manner (Ver 66b). Furthermore,these marker-pulses can also be used 
to start the CAT, thus completely eliminating the instabilities of 
the start frequency of the sweep unit mentioned above. 
Measurements of the signal to noise ratio as function of time 
show the validity of the square root law, indicating that correla­
tion effects in the noise are negligible (Ver 66b). 
2.4 THE ELECTROMAGNET AND THE NMR PROBE 
A commercial Varian -Зб01 low-impedance electromagnet is used 
as the Zeeman magnet. The yoke of the magnet is canted 1*5 to provide 
good acces to the magnetic field region. The pole diameter is 30.3 cm 
and the gap is 5.0 cm. With these dimensions magnetic field strengths 
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of up to 13 kG can be attained. The magnet is mounted on a carriage 
movable a few meters over a pair of rails. It is fed by a regulated 
Varian V-2500 power supply. 
During the experiments the magnetic field strength is monitored 
by means of a Varian F-8 fluxmeter, which operates on the principle 
of nuclear magnetic resonance. If the center frequency f of the 
nuclear resonance signal is known the value of the magnetic field В 
follows from the relation: 
B=f
o
 γ"
1
, (2-1) 
where γ is the specific gyromagnetic ratio of the sample. A proton 
sample (γ = Ц.2578 MHz(kG)- ) and a deuteron sample (γ=0,6536θ MHz 
(kG) ) are available in cylindrical capsules approximately 6 mm long 
and 6 mm in diameter. The probe which contains the sample and connects 
it with the detection system is 1б cm long and 19 mm in diameter. The 
accuracy of the fluxmeter is determined by the homogeneity of the 
static magnetic field, the signal to noise ratio, the line width of 
the nuclear resonance signal, and by the error in the gyromagnetic 
ratio and in the resonance frequency. By centering accurately the 
nuclear resonance signal on the scope it is possible (with an obtain­
able Bignalto noise ratio of 5) to determine the center of a 0.2 G 
broad line with an accuracy of about 10 mG. This results in an accura­
cy due to the line width of about 2 ppm at 5 kG. However, the gyro­
magnetic ratio of the proton is known to an accuracy of only 13 ppm. 
The use of a frequency counter (Hewlett Packard SL 5233) allows 
measurements of frequency with errors of the order of 1 ppm. 
Consequently, an overall accuracy of the absolute value of a magnetic 
field of 5 kG is of the order of 15 ppm if the effects of field 
inhomogeneities are neglected. Relative measurements can be performed 
with an accuracy of the order of 1 ppm. 
2.5 PERFORMANCE OF THE SPECTROMETER 
2.5.1 The sensitivity 
The sensitivity of a beam-maser spectrometer is usually expressed 
as the minimum number of detectable molecules entering the maser 
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cavity for which the corresponding signal to noise ratio equals unity. 
Theoretical expressions for the sensitivity have been derived Ъу 
several authors (Gor 55a, Shi 56). Thaddeus and Krisher (Tha 61) 
discussed the special case of a beam maser spectrometer with a reflec­
tion cavity. 
Assuming optimum coupling of the cavity the signal (S) to noise 
(Ν) ratio for a rotational transition from level i to level f is given 
by (Tha 61): 
2 
s
 η h\> sin (Εμ. W h ) 
Ñ = α 't Tl ' f2"2) 
[P. kT F Af] ä 
where α is a constant depending on the properties of the cavity but 
independent on molecular parameters ; ν is the resonance frequency of 
the rotational transition; η = n.-n_, where n. and n. is the number of 
molecules in the initial and final state, respectively, of the transi­
tion in question passing the cavity per second; E is the strength of 
the electric field in the cavity; μ.. is the electric dipole moment 
matrix element; t is the transit time of molecules through the cavity; 
P. is the input power to the cavity; к is Boltzmann's constant; Τ is the 
absolute temperature of the crystal detector; and F and ûf are the 
overall noise figure and effective bandwidth of the superheterodyne 
receiver, respectively. 
As the electric field E is proportional to the square root of P. 
the signal to noise ratio increases with monitoring power P. untili 
saturation is reached, thereafter the signal to noise ratio decreases 
with increasing power. 
Accurate calculation of the signal to noise ratio of a transition, 
using Eq.(2-2), is hard to do on account of the complicated action 
of the state selector. Therefore we shall treat the selection efficien-
cy parametriсally. To this end the signal to noise ratio of a given 
transition without Stark, Zeeman, and hyperfine splitting ie compared 
with the signal to noise ratio of the well measured and strong 2 p-2 1 
transition of HDO. The assumption is made that measurements are 
performed under identical conditions (N=N ) with the monitoring 
power P. far below saturation. 
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Using Eq.(2-2), the ratio of the signal to noise ratios of two 
transitions can be written as: 
blli-l^-ïi^ïLîÊ, (2.3) 
V N o so n 0 h v 0 | v , f | 0 2 ' 
where 0_ refers to the 2p-2 transit ion of HDO and _1_ to the transit ion in 
question. If nuclear and spat ial degeneracies of the rotational states 
are included and | u . I i s rewritten (Tow 55,p 97) in terms of 
' i f ' 
rotational l ine strength, Eq.(2-3) becomes: 
!i=rÍVi!iiALi!^(iif!i^!!LÍ, (2-1*) 
where r represents the ratio of the selection efficiencies of the 
discussed transitions, (N ) is the number of molecules passing the 
m 
cavity per second without state selection, gT(i) is the statistical 
weight factor for the rotational level i, f(i) represents the fraction 
of molecules in a rotational state i, S._ is the rotational line 
' if 
strength of the involved transition, and μτ_ is the component of the 
dipole moment along the g-axis involved in the transition. 
The statistical weight factor in the case of two indentical nuclei 
is explicitly given by Townes (Tow 55,ρ 103): 
g (i) = g I when the spin function of level i is antisymmetric, 
a (i) = 2\I+1) when the spin function of level i is symmetric. 
I 21+1 
This weight factor is unity in the case of HDO. The fraction of 
molecules in a particular rotational state i of an asymmetric top 
molecule with energy W is given by (Tow 55, Ρ W 1 ) : 
-W/kT 
т ) =
Т 7 Х Ж Г (2-5) 
VABC 4 h' 
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where A,B,and С are the rotational constants given in Table (5-1)· The 
rotational line strengths are listed Ъу Schwendeman and Laurie (Sch 58). 
The ratio r may be calculated from the Stark effect of the 
involved transitions. However, we feel it more realistic to investigate 
the relation between r and the Stark effect empirically. To this end 
the Stark effect of the transitions listed in Tables 2-1 is calculated 
from expressions given by Townes (Tow 55, Ver 66b, Ver 67b, Blu 6Ц, 
Hes 68). Only these transitions of isotopie species of water were 
measured with a beam—maser spectrometer while the Zeeman experiments 
were in progress. The strength of the Stark effect is indicated as 
good, weak, or very weak according to the expected effectiveness of 
state selection.The qualification "good" is assigned to the 2„-2 case 
transition of HDO and "very weak" to the 6 -5 transition of H?O.An 
intermediate case is called "weak".These qualifications are also 
listed in Table 2-1. 
The ratio of the selection efficiencies is easily calculated 
from the theoretical value of S /S for r=1 and from the experimental 
value of S./S : 1 о 
(s./s ), ï 
r = 1 ° (eXpJ . (2-6) 
(S1/So)(theor.,r=D 
The results are l i s t ed in the eighth column of Table 2-1.This table 
shows that a weak s ta te selection corresponds to г>ъО.З.Тпе HO cavity 
has a small diameter compared to the 2 - 2 cavity of HDO.This decreases 
the number of molecules contributing to the transition.Taking this 
into account the "very weak" qualification is estimated to correspond 
to Γ·νΟ. 1. 
Using the empirical relations between r and the Stark effect, 
shown in Table 2-1, the signal to noise ratios for the transitions 
l i s t e d in Table 2-2 are calculated.The results are given in the las t 
column of Table 2-2, showing that these transit ions can be measured 
rather easily. 
For practical reasons we decided to measure the 7 .-7Q transit ion 
of HDO, the 2 2-2 1 t ransit ion of HD
1\), the 1»3-51 t ransit ion of ΐ>^>, 
and the 6 -5 - transit ion of H_0. The measured signal to noise ratios 
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Molecule 
HDO 
D 2 0 
н2о 
Transition 
2 -2 2 1 
3
-2-22 
б
-5"5-1 
Traneition 
frequency 
in MHz 
1Q278 
1Q019 
22^35 
Qualification 
for the 
Stark effect 
good 
weak 
very weak 
Theoretical 
value for 
VS 0
 a) 
1 
0.50 
о.об 
Experimental values 
at RC=1 sec 
S/N 
2500 
1*00 
8 
VSo 
1 
0.16 
0.003 
r 
1 
0.3 
0.05 
Table 2-1. Theoretical and experimental signal to noise ratios for several rotational transitions 
of isotopie species of water. 
a) Eq.(2-2) with r=1. 
Molecule 
HDO 
HD170 d ) 
D20 
Transition 
Vi 
V T0 
3 -1* J
-1 -3 
2 -2 
V51 
Transition 
frequency 
in MHz 
5,703 
8,578 
20,1*60 
IO37I* 
1 Q9l*7 
Qualification 
for the 
Stark effect 
weak 
weak/good 
weak/very weak 
good 
weak 
Theoretical 
value for 
0.30 
0.06 
0.60 
0.10 
0.13 
Semi-theo­
retical value 
for S^N Ъ ) 
250 
75 
200 C ) 
250 
110 
Experimental 
value for S / N 
at RC=1 sec 
70 
250 
150 
Table 2-2. Theoretical and experimental signal to noise rat ios for a number of rotational 
transit ions of isotopie species of water. 
a) Eq.(2-2) with r=1. 
b) based upon the semi-theoretical rules for r and upon the signal to noise ratio of the 2„-2 
transition of HDO. 2 
c) taking into account the smaller diameter of the cavity (see case of Hp0). 
d) with an 1?0 enrichment of only 9- 555-
are given in the seventh column of Table 2-2. The good agreement with 
the semi-theoretical values justifies our approach of the problem and 
its application in other cases. 
The signal to noise ratio of the strongest Zeeman component of a 
rotational transition is calculated from the experimental signal to 
noise ratio in the zero field case, using the formulas for the Zeeman 
intensities given in Sect.3-7· The results,given in the last column of 
Table 2-3,indicate that the Zeeman effect of the 2^-2. transition of 
HDO and of the 3 Γ,-^-Γ, and U_—51 transitions of D_0 can be measured. 
Preliminary calculations show that the 7 1-7 n transition of HDO in an 
external magnetic field will probably not be resolved and has a low 
signal to noise ratio. 
The Zeeman effect of the H„0 transition is interesting in connec­
tion with the isotopie dependence of the magnetic moment tensor. 
Preliminary calculations indicate a well resolved spectrum, but the 
low signal to noise ratio requires the application of time averaging 
techniques. 
17 . . . . 
The Zeeman effect of the HD 0 transition is not measured in this 
investigation. 
Molecule 
HDO 
HD 1 T0 
D20 
н2о 
Transition 
22- 21 
Vo 
2 -2 2 1 
3 -2 
-2 ¿2 
"3-5, 
V5-1 
Number of 
Zeeman 
transitions 
U8 
168 
528 
60 
51» 
66 
S/N for the 
strongest 
Zeeman 
component 
70 
0Λ 
0.6 
20 
6 
0.3 
Table 2-3. Values of the signal to noise ratio for the 
strongest Zeeman component of several rotational transitions. 
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2·5·2 Resolving power and stability 
The resolving power of the spectrometer is determined primarily 
by the line width of a transition. At zero magnetic field strength the 
line width is inversely proportional to the transit time of a molecule 
through the cavity. The half width is about 1.8 kHz in the experiments 
with HDO, DO,and H O using cavities of 16 cm length. The instability 
-11 . 
of the rubidium frequency standard is better than 5 x Ю . The line 
broadening due to this instability is negligible. 
In addition,a transition in an external magnetic field can 
further be broadened by inhomogeneities and instabilities of the 
magnetic field strength. 
The homogeneity of the magnetic field in the cavity is measured 
by means of the NMR probe. To this end,the end caps of the cavity are 
removed because the diameter of the beam holes is smaller than the outer 
dimensions of the probe. The magnetic field is also measured in a 
point just below the cavity outside the vacuum system. This offers a 
possibility to monitor the magnetic field strength during the experi­
ments. In Fig.2-U is shown the relation between the magnetic field in 
the cavity and at the calibration point for a number of field 
strengths. The highest magnetic field strength with acceptable 
inhomogeneities in a cavity 16 cm long is found to be 12 kG (Ver 68d). 
Instabilities of the field strength stem from temperature dependent 
changes in the geometry of the magnet and permeability of iron and in 
the variation of the line voltage. It is found in practice (Ver 68d) 
that the magnetic field after a warm-up of four hours is stable 
enough to neglect the corresponding line broadening. 
2.5-3 Illustrative results 
Sample averaging techniques turns out to be a very useful and a 
very reliable extension of the detection system. Weaker details of 
hyperfine spectra can easily be observed and the hyperfine structure of 
rotational transitions involving rotational quantum numbers J up to 
ве еп are measured and interpreted. Figure 2-5 shows the result of 
150 measurements of the central part of the 7,-70 transition of HDO, 
3^ 
field 
12.940 L 
12.010 
11.990 -
11.970 L 
10.010 •-
9.990 -
• 
position along the a m of the cavity in cm 
' • ' I ' ' I I 1 — 
0 ί. θ 12 46 
Fig. 2-1». Magnetic field strength as a function of the position 
along the cavity axis. The points marked with "P" represent the 
corresponding magnetic field strength at the calibration point. 
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9,577.000* 601.BU .8 07,BU . В Ш И .819,611 frequency (MHz) 
F i g . 2-5. The recorded c e n t r a i p a r t of the 7..-7,, t r a n s i t i o n of HDO. The 
f igure shows the r e s u l t of averaging 150 s p e c t r a by means of a CAT. 
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illustrating the possibilities of sample averaging techniques for the 
resolution of weaker details of the spectrum. With the CAT it is also 
possible to measure the central line of the 2„-2. transition of HDO 
without any state selection. 
The hyperfine coupling constants of the 6
 ς
-5
 1 transition of 
H ?0 are calculated from hyperfine transitions obtained by averaging a 
part of the hyperfine structure during three days (Ver 66b). This 
shows clearly good stability of the system. 
One of the restrictions of the sample averaging with the CAT is the 
narrow spectral band width.Only a region of about 100 kHz can be 
covered by a single scan. By consequence}if the positions of some 
hyperfine transitions are only roughly known, it takes a long time to 
scan a broad spectrum. 
The high sweep rate of the sweep unit makes it impossible to tune 
the resonance frequency of the cavity simultaneously. The cavity is 
therefore adjusted to the center frequency of the scanned part of the 
spectrum which causes line distortion of the non-central transitions. 
The corresponding corrections on the frequencies of these transitions 
are calculated by means of the expressions given by Gordon et al 
(Gor 55a). 
The described beam-maser Zeeman spectrometer enables us to 
measure magnetic splittings of up to 5 MHz without noticeable line 
broadening at magnetic field strengths up to 12 kG. A typical observed 
Zeeman and hyperfine spectrum of the 2 p-2. transition of HDO is shown 
in Fig. 2-6. 
The performance of the measuring and monitoring system of the 
magnetic field strength is best illustrated by comparing the 
experiments which are performed at different times. Over a period of 
one year the variation in the frequencies of several Zeeman transitions, 
measured at magnetic field strength adjusted to the same value, were 
-k less than 10 of the Zeeman splittings. These variations ly well 
within the assumed error in the absolute value for the magnetic field 
strength as discussed in Sect.U.l*.2 and shows the reliability of the 
system. 
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Fig. 2-6. Recording of the Zeeman and hyperfine components of the 2p-2. rotational t ransi t ion 
of HDO at 12.009 ltG. The vertical bars represent the positions and relat ive intensit ies of the 
spectrum calculated with the best-f i t coupling constants. The relat ive intens i t ies are calculated 
for the case of conventional microwave spectroscopy. 
C H A P T E R 3 
T H E O R Y 
3.1 INTRODUCTION 
The hyperfine structure in the rotational spectra of a Σ molecule, 
originating in nuclear spin interactions has Ъееп discuseed by several 
authors (Gun 3k, Whi 55, Tow 55, Ram 56, Pos 58, Sch 6l,Tha 61*,Ply 6k, 
Dym 66, Hui 66, Wac 67, Blu 68). The theory of the Zeeman effect in the 
rotational spectra of linear and symmetric top molecules vas first 
given by Jen (Jen 51) and by Eshbach and Strandberg (Esh 52). Burke 
and Strandberg (Bur 53) applied the results of Eshbach and Strandberg 
to asymmetric top molecules. Ramsey (Ram 52, Ram 56) and Schlier (Sch 
61 ) discussed Zeeman effect in the hyperfine spectra of diatomic Σ 
molecules. Recently Shigenari (Shi 67), HOttner and Flygare (Hut 67), 
and Heuvel (Heu 68) discussed Zeeman effect in the hyperfine spectra 
of asymmetric top molecules, starting from the Hamiltonian first used 
by Gunther-Mohr et al (Gun 3k) to interpret the hyperfine structure of 
NH,. The Stark effect of asymmetric top molecules is well known (Tow 
55, ρ 255); it plays no direct role in beam-maser Zeeman spectroscopy. 
The Hamiltonian used for the interpretation of the experimental 
results is obtained in Seiet.3.2.1 by starting from a general non-
relativistic one-particle Hamiltonian as given by Abragam (Abr 57) for 
the discussion of magnetic shielding effects in nuclear magnetic 
resonance experiments. The final Stark, Zeeman, and hyperfine Hamil-
tonians will be given in Sect.3.2.2. 
The matrix elements of the Zeeman and hyperfine Hamiltonians for 
the rotational levels of HDO, H_0,and D„0 are given in Sect.3.3 and 
3.k in terms of J-dependent coupling constants. Matrix elements non-
diagonal in the rotational state J T , which may accidently cause 
sizeable energy splittings, are discussed in Sect.3.5.Section 3.6 
17 deals with the matrix elements of the hyperfine Hamiltonian for HD 0. 
The relative maser intensities are given in Sect.3.7· 
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3.2 THE HAMILTONIM 
3.2.1 The genera l S t a r k , Zeeman,and hyperfine Hamiltonian 
The S t a r k , Zeeman,and hyperfine Hamiltonian used for the i n t e r ­
p r e t a t i o n of experimental r e s u l t s can be obtained s t a r t i n g from t h e 
genera l n o n - r e l a t i v i s t i c c l a s s i c a l Hamiltonian for p o i n t p a r t i c l e s : 
H = Σ 1 - (ρ -eZ Ä )2+ Σ Ζ e Φ , / ,
 л 
ο q 2m q q q q q q \3-lJ 
where m , eZ , and ρ is mass, charge and momentum respectively, of 
q. q _q 
the q-th particle; Ä and φ is the vector and the scalar potential, 
respectively, at the position of the q-th particle. The summation in 
Eq.(3-1) extends over all particles (electrons and nuclei) of the 
molecule. In the following the electronic mass will be denoted by m 
and the nuclear masses by m . 
As we are performing experiments in the laboratory fixed system, 
it looks appropriate to solve the wave equation corresponding to 
expression (3-1) in this system. This is generally done by translating 
Eq.(3-1) to the space fixed molecular CM system and by rotating this 
system to the principal axes system. The most convenient way, however,is 
to calculate expression (3-1) in a molecule-fixed frame of reference 
and to transform the external fields to this coordinate system. 
Furthermore we restrict ourselves to Σ molecules. In this case the 
spins of electrons couple to a zero total electronic spin.Consequently, 
effects of electronic spins may be neglected (Gun 5Ό · 
The potential (A" , φ ) can be written in the molecular frame of 
reference with external static electric and magnetic fields Ë and Б, 
respectively, as : 
μ μ_ χ r
 T 
I- i (Ixr-J^-^-V-^ ' (3"2) 
4
 2 q
 «Ι*. *îb 
Φ = -r ·Ε + Σ -Β-
- οπ 
Ζ e 
ι q. 
, une г irq o qr 
ko 
Herein and in the following, the capital subscripts K, L refer to 
nuclei and the subscripts i,j to electrons, the nucleus L is supposed 
to have spin Ï. and nuclear magnetic moment g j J . where u„ is the 
nuclear magneton, y^ represents the Bohr magneton, r is the position 
vector of the q-th particle with respect to the molecular center of 
mass which can be assumed to be the center of mass of the nuclear 
frame, r =r -r , and r = | r |. 
P I p q pq. P I 
By substituting expression (3-2) into the expression (3-1) and by 
writing out the nuclear and electronic terms explici t ly we get: 
н
о
 =h1 + h2 + h 3 + hh * h5 + h 6 + h^ , + h 8 , (3-3) 
—2 2 
pT Ζ Ζ e 
where: h , = Σ -£- + Σ Г •*— V * » 
τ ; 2m ι οπε r i q p^q o qp 
- 2 
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The ternis h- and h represent the molecular Hamiltonian if there 
are no external fields, and contributions of electronic and nuclear 
spins are neglected. Solution of the wave equation in this case gives 
the rovibronic (rotational-vibrational-electronic) wave function Ϋ 
evr 
and the corresponding energy levels. In the Born Oppenheimer approxi­
mation the rovibronic wave function can be written as a product of an 
electronic wave function V and a rovibrational wave function Ψ 
e vr 
(Bun 6 8 ) . I f we neg lect the v i b r a t i o n a l angular momentum the r o v i ­
b r a t i o n a l wave function can be w r i t t e n as a product of a r o t a t i o n a l f 
and a v i b r a t i o n a l wave function 4" . Consequently: 
evr e v r 
The electronic state is generally denoted by |n> and the 
corresponding eigenvalues by E . The electronic ground state with 
η 
energy E will be denoted by |o^ . The rotational and vibrational 
states are denoted by |JTM) and |v> , respectively, with corresponding 
eigenvalues W° and E . 
JT ν 
Usually one neglects the vibrational effects in first approxima­
tion and assumes a rigid molecular frame. So far.this rigid rotor 
model turned out to be adequate for the interpretation of hyperfine 
(Blu 67, 67a) and Zeeman splittings (Bur 53) of the rotational 
transitions of water. 
In the rigid rotor model the term h„ can be written as (Wil 55): 
kz 
ΡΚ· 2 
Σ-£-= Σ Α / , (3_5) 
κ ^ g g e 
where N i s the t o t a l angular momentum of the n u c l e i , A i s t h e 
r o t a t i o n a l constant , and g=a,b,c s tands for one of t h e p r i n c i p a l axes 
of t h e molecule. By w r i t i n g the t o t a l angular momentum J~as the sum: 
J = N + L (3_6) 
of rotational and electronic angular momentum E, and noting that 7 
and £ commute in a molecule fixed coordinate system,expression (3-5) 
becomes : 
Σ A N 2 = Σ (A J 2 - 2A J L + A L 2) . (3-7) 
g S g g g g g g g g g 
The first terms of the right side of Eq.(3-7) represents the unpertur­
bed rigid rotor Hamiltonian with states |<ΤτΜ> and eigenvalues ГІ . 
The term 2 Σ A J L can be considered as a perturbation which 
g g g g τ ! 
excites electrons from the Σ state to Π states. The last term of 
Eq.(3-7) is independent on the rotational state and does not contribute 
to splitting of the energy levels.This term will therefore be omitted. 
The interaction of the molecular electronic and nuclear charges 
with the external electric field is given in h_ of Eq.(3-3). 
By expressing the linear momentum in terms of the angular momen­
tum and noting that J and 6 do not commute in the molecule fixed 
system, the nuclear contribution h. to hi may be written as: 
< = =τ I mf( Б"к + SxV%> 
=
 Τ £-^ [5' V ^ K ^ - Í ^ K ^ K · 5 ] 
= -μ„ Σ Σ (Β G ( n)N ,+ Ν G'(l^B ,) , 
Ν , g gg' g' g gg' g* 
(3-Θ) 
3^ 
·"*
 G
gg-vvN
rK6(s,e , )-(WrVg'] 
. _,(n) _ .(η)" 
and G' , = G . gg' g'g 
In the last step leading to Eq.(3-8) use is made of the relation 
<-g = N g/A g , (3-9) 
which is valid in the principle axes system. 
By substituting the total angular momentum J=Ñ+E and writing the 
results as a product of Cartesian tensors according to : 
ΣΕ A B ,C , = Ä-B-C , 
gg' β ** g 
we get for Eq.(3-8): 
h° =-uH S-g
(n)
-J - y,, J-G(n)-B
 +
 uj, S.§(n).E + y N C 5 ' ( n ) . B . (3_ 1 0 
\ t 0 \ In a similar way the electronic contribution h, to hj is shown to 
be (Ver 68c): 
\ ш ъ hf = μ, Е-Б 
As μ
Β
>>μ the last two terms of Eq.(3-10) are negligible and h, can 
be written as : 
h
u
 = -wN 6·δ
( η )
-J - u N J'S·
(n)
·Β
 +
 μ
Β
 E-S . (д.,τ) 
The nuclear contributions both to hj., h,-, and h_ are smaller 
than the corresponding electronic contributions roughly by the factor 
m/nLç. and may, in consequence, be neglected. 
The remaining term of h represents the interaction of the 
magnetic dipole moment induced by the L-th nucleus in the surrounding 
electron cloud with the magnetic field produced by the K-th nucleus. 
As shown by Ramsey (Ram 56) the energy of this interaction lies well 
below the resolving power of a beam maser spectrometer. 
The electronic contribution to the term h¿- of Eq. (3-3) represents 
the response of the electronic charge distribution to the external 
magnetic field. The interaction of the resulting induced molecular 
magnetic moment with the external magnetic field can be written as: 
h, =4-B-x(d).B , (3-12) 
'6 - 2 
with x^| = -u*mE •I [r?6(g,g') - (ii^r.)^] 
In addition the electronic charge distribution will shield the 
nuclear magnetic moment from the external B-field.This effect i s des-
cribed by the second term of h which may be written as : 
where the diamagnetic nuclear shielding is given by: 
β ! Κ ί β · = е -^в l 'ФІХ-^Ь«'*- (Г~ІУ?ІК ] · (3-13) 
The terms of h« contribute to the spin-rotation interaction hg.The 
complete expression for this interaction i s (Fly 61»a, Dym 66): 
h¿ = Σ [ Ï K . ( M 5 K ) + M ^ K ) ) - J + J.(fijK)+ Μ ^ ( Κ ) ) · Ϊ
Κ
] 
+ „ і > Σ Е - ¿2É2í f ) (3-1U) 
ι Κ т
ік 
where 
..(К) О . _ „ —3 
М1 gg. = ^ μΝ V, e ^ g . ^ V u C V ' W K '
5
' « ' « ' ' ^ ^ ' «
1
™ ' « ' 
^5 
мі
( К )
.=
м
і
К
М> 
1 gg' 1 g g 
2 gg' " H S 7 « K
Y K V l гІІ[?ік-?к6(8'в,) - ^ ікУ^к ] ' 
м
,(к)
 = м
( к ) * 
M2 gg' M2 g'g ' 
, V? 
and пц_, is the proton mass. 
The terms of the expression (3-1Ό missing in hfl cannot he 
obtained with the present approach starting from Eq.(3-1). These terms 
can be obtained by defining Eq.(3-1) in the space-fixed system and 
applying a transformation to the molecule-fixed system,taking into 
account relativistic effects (Wac 67). They can also be obtained by 
calculating the magnetic field at the K-th nucleus produced by other 
molecular charge carriers and transforming the resulting expression 
to the molecular CM system (Dym 66). 
In the present approach the nuclei are assumed to be point char­
ges. In consequence ,the Hamiltonian (3-1) does not contain direct 
interactions involving nuclear electric quadrupole moments and nuclear 
magnetic moments. Interactions due to higher order nuclear moments can 
be neglected because all nuclei of the molecules discussed in this 
investigation have spins less than 3/2. 
The interaction of the electric quadrupole moment of the K-th 
nucleus with the electric field gradient due to the surrounding elec­
tronic and nuclear charges can be written as the scalar product of 
two spherical tensor operators (Edm 60): 
v 4242) 
(3-15) 
with 4 2 ) = Σ е ^ С ^ ^.Ф^) , 
Ρ PK ν PK' PK' 
Íf6 
К 4πε , q qK qK qK. 
The first summation extends over all protons of the K-th nucleus, 
(Θ..,.,*—.) are the polar angles of the radius vector r_,„, and the com-
rK. rK. (2\ гл. 
ponents of the spherical tensor С are defined in the reference 
cited. 
The nuclear magnetic moments contribute in two ways to the 
Hamiltonian: 
Η = Σ Σ Γ .D ( K L )-I T (3-16) 
8 3
 Κ L>K Κ L 
•"*
 Η
Ι·Β = ~
μ
Ν №
Β
 · 
The first term of Eq.(3-l6) represents the classical interaction 
between two nuclear magnetic dipole moments.The second term is the 
Zeeman energy of the nuclear magnetic moments in the external field B. 
Consequently the non-negligible terms to the unperturbed Hamiltonian 
can be extracted from expressions (3-7), (3-11) through (3-l6), and 
h 3 of (3-3): 
E , = H i + H ¿ ' (3-17) 
where 
H] Ζ Zjçr'jç.-È + e £ ?..ï -u^S-G^-J + ί·δίη)·Ε) 
4s'x(d)-s-^%V("-°íK)b3 • 
К 
M 
+ Σ 
К 
( M ¡ K ) + M £ K ) ) - J + j.(M'(K)+ñ¿(K))-iK] 
• EQ¿ 2 ).V¿ 2 ) + Σ Σ Г
К
.Б
( К І
-Ц 
К К L>K 
e
 μ
ο _ ,
riK*Pi 
Η' = -2 Σ A J L + и
в
Е-Б
 +
 μ
Ν
 - ç - Σ Σ g (— ÎR) 
g β 8 S ι Κ r i K 
This Hamiltonian can be written for the electronic ground state 
in terms of operators which operate only on nuclear and rotational 
variables by application of perturbation theory with respect to the 
electronic states : 
. <ОІН'|n><n|H'|o> 
Η"=<Ο|Η·|Ο>+ Σ — — + ··. .(3-18) 
щй V η 
The f i r s t order term can be written in the same form as H' of Eq. 
(3—IT) i f the e lectronic operators are replaced by the ir expectation 
values in the e lectronic ground s t a t e . For example, the diamagnetic 
suscept ib i l i ty term becomes : 
-£-Β·χ «SjWith χ now replaced by <ο|χ |o> . 
The contribution of H' and the mixed contributions of Hi and H' 
to the second order term of Eq.(3-18) are neg l ig ib le at low external 
e l e c t r i c f i e l d s . The contribution of the terms of H' to the f i r s t order 
term of Eq. (3-18) i s e i ther zero or can be neglected (Lee 66) . 
However, these terms have important second order contributions: 
Σ
 <o|H¿|n><n|H¿|0>, j . j ( e ) . j _ μ ( f i . S ( e ) . j + j . § » . ß ) 
n^ O E -E 
o n 
- \ B - X ^ - B + Σ (ÏK'M3K)-J + J - M ' ( K ) - Ï K ) + 
К 
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+ lJN Ι * Ä - 2 K ) ' 5 + Ι
 Τ
Σ
 V ^ ^ L - (3-19Ì 
Κ Κ. L>K 
with» 
A ( e ) = 2 A A i Σ <O|L g |nxn |L g , |0> * C.C. 
g g g ε
 n?*0 E„-E 
U η 
G ( e ) = 2 — A , Σ (E.-E ) " 1 < 0 | L |n><n|L ,|0> , 
«**
 UN g n*> ° n β g 
G . W - G<?>\ gg' g'g 
# - -в д, [ ( E 0 - E n ) - 1 ( < 0 | L g | n x n | L g I | 0 > + C . c J , 
M0O , = _ 2 e ^ - V , E ( Ε - E ) - 1 < o | ? i ^ ! i ) g | n > < n | L , |o> . 3 gg' 4π m ЬК g' , O n ' Ί _3 ' ' g " 
п*0 гт
к 
м -
( к )
 = м
( к ) К
 . 3 gg' 3 g'g 
;. =
 e <è m2
 n*0 < v
E n > - 1 h i i ! ^ ) g i - - i v | 0 > + 4 ° 2 g g ' 
LiK 
4жт nyO г.„ r. T J 
The first term of Eq.(3-19) can be neglected since it represents only 
a very small correction to the rotational constants and to the 
direction of the principal axes. The following terms are contributions 
of the excited electronic states to the molecular magnetic moment, to 
the magnetic susceptibility, to the spin-rotation interaction, to the 
nuclear magnetic shielding, and to the indirect nuclear spin-spin 
*t9 
i n t e r a c t i o n , r e s p e c t i v e l y . As discussed above t h e l a s t term can be 
neg lec ted in the case of beam-maser spectroscopy. The c o n t r i h u t i o n s of 
ι ι t 
H and the mixed contributions of H. and Η„ to the second order term 
of Eq.(3-19) are negligible at low external electric fields. 
The total Stark, Zeeman and hyperfine Hamiltonian in terms of 
nuclear and rotational operators is the sum of the first order terms of 
1 1 
H. of Eq.(3—17) and of the second order terms of H given in expression 
(3-19): 
H" = H + H + H. , 
Ζ S nyp (3-20) 
with: 
я = -PMÍB.(G(n)+G(e))-J + J.(G'(n)+G'(e))-B 
Ζ N[_ 
^
Σ
« Λ ·
( 4 ( κ ) 4 κ ) ) · 5 4 β · ^ ( ά ) + χ ( ρ ) ) · Β , 
н = -¡M, 
W К L>K K L К K К 
+ Σ 
К 
Г
к' Í^5 K )+R| K )+M 3 K > ) - J + J.(R'(K)+M¿(K)+ñ-(K))-rJ. 
Herein, У=е Σ ζ κ Γ Κ~ β Е < 0 1 г ^ 1 0 > i s the molecular e l e c t r i c d ipole moment. 
К i 
In c o n t r a s t t o the Zeeman and Hyperfine Hamiltonian given by 
severa l authors (Fly 6ke., Hui 66, Shi 67, Blu 6 8 , Heu 68), the 
Hamiltonian given i n expression (3-20) i s h e r m i t i a n , as i t , of course , 
should b e . 
3.2.2 The effective Hamiltonian 
For the rotational levels involved in this investigation only the 
50 
matrix elements of H and H„ diagonal in the rotational quantum 
hyp Ζ 
numbers J τ are important (Ver 68c). With group theoretical arguments 
one can show (Sect.3-3) that only diagonal components of the relevant 
interaction tensors contribute to these matrix elements. This enables 
us to simplify the Hamiltonian given in Eq.(3-20). By expressing p. and 
r. as occuring in the spin-rotation and the magnetic shielding tensor 
in the coordinate system with the origin at the K-th nucleus (Dym 66, 
FlyôUa, Heu 68) the effective total Hamiltonian is: 
-HjjB.g.J - μ
Ν
 Σ β
κ
Γ
κ
. ( = - σ ( Κ ) ) · Β - ¿ .Β.χ.Β 
К 
-μ-Ë , (3-21) 
with : 
= ( K ) = = ( K ) ( e ) + = ( K ) ( n ) t 
δ = G ( e ) + G ( n ) , 
=(K) _ =(K)(d) =(K)(p) 
σ = σ + σ * 
= _ - ( d ) =(p) 
Χ = Χ +Χ . 
for which the components of the various tensors with r e s p e c t t o the 
molecule-fixed axes are l i s t e d in Table 3-1. The equivalence of t h e 
Hamiltonians (3-20) and (3-21) as far as diagonal matr ix elements in 
J T are concerned can be v e r i f i e d by e x p l i c i t c a l c u l a t i o n of the matr ix 
e lements . 
The most appropr ia te coordinate system for the c a l c u l a t i o n of the 
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„(κ)(η) _ _ ^a „ „ д
 г 7 -з 
Μ
-~· - -
2 е
 Uw " н в ^ ^ п, g g ' ^ ( g . g ' l - í í ^ y ? ^ , 
Wo 
(δ,·,). 
" g g ^ ^ ^ ^ g L(E0-En)_1 <0|?-Ρ|η><η|Σ(ο.κ)β,|0> + C.C 
1 Г
І К 
G g g ' = 2 ^ A g ^
Z K [ ^ ( « ' « ' ) - ^ ) g ( ? K ) g . ] gg' \ 8 K 
G ( e | = 2 ^ - A Σ (E_-E Γ 1 
e g yN g n^ O ° n 
< 0 | L |n><n|L , |o> + c . c . 
o
(K)(d)
= e
 ^ _ | г . - з г _ 2 
g g ' 
Р<°| г:3[
г
2
к
б(8 > е.)-(г- і к) (?.K) ]|o 
< K H P > =
e
^ Σ ( Ε , - Ε Γ 1 
g g ' 4wm
 n ? í 0 O η gg 
(Q. ) 
<Ο|Σ—±"1-ε|η><η|Σ(ο.
κ
) , |o> + c.c. 
i r 3 i β 
ІК 
.(4) 
gg 
] = -^т<0|
Е
[г 2 5 ( в > в ' )-(?^ е ^) в , о> 
xgg· = "μΒ Σ ( V E n r 1 [ < 0 , L g | n > < n 1 L g ' l 0 > - c ' c · ] 
vì2)--r Σ <0|Z e г"?. С ( 2 )( „,Φ ,)|0> 
with 
= (к) = (KL) 
Table 3-1. Components of the molecular coupling tensors M ,D ; 
S, 5(K), χ, and V 
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matrix elements of expression (3-21) is the space fixed CM system. For 
this reason the Hamiltonian (3-20) is transformed from the molecule 
fixed to the space fixed CM system. 
3.3 MATRIX ELEMENTS OF H. AND H„ FOR HDO 
nyp Ζ 
At high magnetic fields,such that the Zeeman energy is much 
larger than hyperfine energy,the coupling between J, ï ,and ÏH is 
broken down. In this case the most appropriate representation will be: 
|JTMI M^IJL>, abbreviated as |ММ
Г)М^>· 
If the space fixed Z-axis is chosen along the positive direction of 
the external magnetic field then only M_ = M+M_+M„ will be a good 
quantum number. 
Apart from the quadrupole term, expression (3-21) consists of 
terms of the form Ä.f.5,where Ä and C" is one of the vector operators 
Î D, f.,, I ,or S, and Ï is a second rank tensor depending explicitly 
on molecular properties. To calculate the matrix elements of expression 
(3-21), the operator Α·Τ·ο is expanded in spherical components as 
(Hui 66): 
X-ï-C- Σ (-П2^1) 1и ( 1 ,Ь ЫС ( , )И 1 ,} ( 0 ), 
ν=0,1,2 
(3-22) 
(ν) . 
where the spherical components of Τ » in terms of the Cartesian 
components,are given by (Yut 62, ρ 10б): 
T(°}- -4-)*(Τ +Τ +Τ ) , 0 3 χχ уу ζζ ' 
T^=+-JH(T -Τ )+i(T -Τ )1 . 
+ 1 2 L yz zy ζχ xz'j » 
^
1
 ) = (-!) îi(T _
τ
 ) 
о
 к
г'
 κ
 ху ух' ' 
+2 2 (Τ -Τ )+i(T -Τ ) . 
χχ уу — ху ух J ' 
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τ^
2
^= -1 +(τ +Τ )-і(Т +τ )1 Vi 2 [ κ χζ ζχ' ν yz zy'J 5 
Τ
(
^=(τ)^(2Τ -Τ -Ί ) . 
Ο 6 ζ ζ χχ yy ' 
and the spherical components of a vector "7 as: 
v
( 1 )
= v . 
v
 0 ζ ' 
Using tensor operator techniques (jud 63, Chap 3),the matrix 
elements can then he written in terms of magnetic field strength, the 
nuclear and rotational quantum numbers, and the reduced matrix 
elements of Í, Î and С The quadrupole term can he evaluated in a 
similar manner. 
—
 ш
 « For example, the matrix element of B-G«J, diagonal in JT , can be 
evaluated in the IMM-JO representation as : 
<ммм |B.G.J|M'M;MJL> = ζ (-) 2 V + 2 J- M- M"B(2V+D Ì( J Χ 
^
V
 ^ v.q.q^M» \-M q M'j 
x( 1 | V )<JT||J||JT><JT||G ( V )||J T>6(M¿,M D)6(M¿,M H). 
Vi, 0 qA-M" q H' 
1 1
 (3-23) 
Using the expression for the sum over 3-j symbols given by Judd , 
(Jud 63,ρ 57) the expression for the matrix element can be written as: 
z (_^-м-і- ( 2 И ) і і /
 J J
 V 1 \ J T | | J | | J T > χ 
ν \-M' M 0>\Τ J J ' 
x- < J T | | G ( V ) | | J T > 6 ( M ¿ , M D ) 6 ( M ¿ , M H ) · (3-2Ц) 
5^ 
The reduced matrix elements of Eq.(3-2O can be evaluated with the 
aid of the Wigner-Eckart theorem. The reduced matrix of the inter­
action tensors are written in terms of molecular constants by 
transforming Τ from the space-fixed to the molecule-fixed CM system 
and by expanding the asymmetric rotor wave function as a linear 
combination of symmetric top functions (Hui 66). The resulting 
relations are : 
<Jx Ι | τ ( 0 ) I |JT> = -(-^-f(T +T . +T ), 
11
 " 3 aa Db cc ' 
<JT||T ( 1 )||JT> = 0 , (3-25) 
<JTΙ Ιτ(2)I |jT>-fM:àj+g)(arH)(gJ)г Σ 
<JT1|T ||JT>-(2; 2J+3)(2J-1) J . -
L g=a,b,c 
2 
2 Э ^ т 
with <J>= — -
g 
ЭА 
g 
» ,. Substitution of these reduced tensor elements for G in the expres­
sion (3-2U) and evaluation of the remaining 3-j and 6-j symbols gives 
the final result : 
<J2> 
<MMDMH|B.G.J|M-M¿M¿>= Β Μ Σ j ^ О (3-26) gg 
By an analogue t r e a t m e n t , the f i n a l express ion for the diagonal 
matr ix elements in terms of η- j symbols (Rot 59) and t h e coupling 
constants defined in Table 3-2 i s (Ver 67c): 
< № V I H l
H hyp + H Z | M , M b M H > 
. 3(4)iD№) Σ ζ τ ( . ^ н І . 
6 JT 
»1 » 2 4 
(2J+3)(2J+2)(2J+I) i d
 + 1 ) 
( 2 J - D 2 J D D 
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[^ ^я "12^*1 J (_
м q „JU,,!, "ílUil·, "№, ч Ί 
Κ LjíK q d T 
IK(IK+1)(2IK+1)J(J+1)(2J+1) 
χΓ
κ 1 lKifJ 1 * W . M ¿ ) 
V-Mg. q M¿j \-M -q M'/ 
Я. 
(D) г , , ^ * Ь - " П (2Л-3) (2J+2) (2J+1 ) (2Ιρ+3) (2Ι ρ +2) 
( 2 J ) ( 2 J - 1 ) ( 2 I D ) ( 2 I D - 1 ) 
χ (21^1)« Γ 2 J ì ( l D 2 ^ « ( М н ^ ) 
-M q M'/ \-Μρ -q M¿ 
-v N в e j T M 6(M',M)6(M¿,MD)6(M¿,MH) 
Λ
 B Σ gK "к ( 1 " σ 2 ) ) δ ( Μ ' ' Μ ) δ ( Μ ό ' Μ ο ) δ ( Μ Η · Μ Η ) + 
К. 
+ о(4)І „
 B Σ Σ Σ д σ
( Κ ) ( _ ) Κ ^ 
(2J+2) (2J+1 ) ( 2 j ) l K d K + l ) 
(2J+3)(2J- i : 
x (2Ι
Κ
+1) 5 /
2 1
 Λ Ρ κ
 1 JK\ 
•q Ο q/ y-t^ q 
/J 2 J 
-M -q M'J 
«Vi? 
1 „2 \if x
a v
 Í(M>,M)6(M¿,MD){(M¿,MH) 
в
2
 Х т
_ ( з м 2 ^ - J ) g t M . ^ i d ^ ^ X d ^ , ^ ) 
Jx (2J-1)(2J+3) 
(3-27) 
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Definition Coupling constant 
C(K) = £ Μ(Κ) _cj£>_ 
J T
 β «β J(j+1) 
D(KL) = Σ g D(KL) <jS 
J T
 g g e (J+D(2J+3) 
,(K). 
.00 
г<
 к\(^)\Чк> 
Σ 2V < J ^ 
J T
 g eg(J+l)(2J+3) 
ρ 
g = Σ G <V J T
 g *«
 J ( J + 1 ) 
σ = -=- Σ σ a v
 3 _ gg 
g 
Л g gg av
 J ( J + 1 ) 
X
av " 3 \ Xgg 
XJT = l (Xgg-Xav)—£— 
β J(J+1) 
spin-rotation 
nuclear spin-spin 
quadrupole moment of the 
K-th nucleus 
nuclear quadrupole 
molecular magnetic moment 
isotropic part of the magnetic 
shielding 
anisotropic part of the 
magnetic shielding 
isotropic part of the molecular 
magnetic susceptibility 
anisotropic part of the molecular 
magnetic susceptibility 
Table 3-2. Hyperfine and magnetic coupling constants. 
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3.U THE MATRIX ELEMENTS OF H. AND H FOR D„0 AND H.O 
nyp Ζ ¿ ¿ 
Interchange of the two equivalent deuterons in D_0 must leave 
the t o t a l wave function unchanged. On the other hand the t o t a l wave 
function of H„0 must be antisymmetric with respect to an interchange 
of the two protons. In consequence,the t o t a l nuclear spin Г=Г.+І
р
 can 
take only def in i te even or odd values depending on the interchange 
symmetry of the rotat ional s t a t e . This symmetry argument also holds in 
an external magnetic f i e l d . 
So when the Zeeman energy exceeds the hyperfine energy,the coup­
l ing between J and Γ i s broken down and IjiMI-IpIM* i s the most 
convenient representation. In th i s representation Er + I 1 commutes with 
the Hamiltonian, i . e . M_, = M+M_ i s a good quantum number. 
By a treatment analogous to that of the preceding sect ion the 
matrix elements of H, and H„ can be evaluated (Ver 68b): Tiyp Ζ 
^ l W K y p ^ Z ¡JTM'I^I'Mp = 
1 ς ι (KK) q+J-M+I-M 
( J | } i D(KK) Σ (_j I 
1 
(2J+3)(2J+2)(2J+1)(21+1)(2I'+1] 
(2J)(2J-1) 
χ I K ( I K + 1 ) ( 2 I K + 1 ) 
J 2 J\ 
-M q M', 
1 2 1' 
\-Mj. -q H{J 
' I I ' 2l 
+C(JJ Σ (-) q + I-MI+ J-M[l(l+l)(2I+l)j(j+l)(2J+l)] J [ 
ч \ 
I 1 I ' 
-Mj. q MjJ 
/J 1 J 
x | Ι δ ( ΐ , Ι ' ) + -1- (eq Q ) ( D ) l ( - ) q + " ^ [(2I+1)(2I'+1&C 
-M q M1/ 2 q 
(2J+3)(2J+2)(2J+1) 
2J(2J-1) 
(21 +3)(21 +2)(21 +1) 
( 2 I D ) ( 2 I D - 1 ) 
/I 2 I ' \ 
\h h XD 
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J 2 J \ /I 2 I ' 
-M q M'/ \-Hj_ q M'. 
.(K) 
μ
Ν
 В g j TM δ(Μ·,Μ)δ(ΐ', I M M J . R , . ) 
^ В gK Mj. (1-σ^ ; )δ(Μ·,Μ)δ(I · ,1)6 ( M ^ ) 
+
 *4 B °™ Η ^ 
I-Mj+J-M I(I+1)(2I+1)(2J+2)(2J+1)(2J) 
(2J+3)(2J-1) 
II 1 I ' /J 2 J\ /2 1 1) 
x/ 6 ( 1 · , I ) 
-Mj. q M¿/\-M -q M'/ \ -q 0 q/ 
- Bc 
2 2 
3M - j - j . 
2 *av · A ^ \ j 2 + ¡ ; J . 3 J ?
 Xav + XJT^ édu'.Mjed'.iîeOtj.Mj), (3-28) 
3.5 SECOND-ORDER EFFECTS WITH RESPECT TO THE ROTATIONAL STATE 
The second-order contribution of the perturbation given in Eq. 
(3-20) to the energy of the state |ε,ΙτΜ>, where e represents the 
nuclear quantum numbers, is given by the standard perturbation formula: 
ÛW 
είτΜ 
J'T'M'C' 
JT?ÍJ τ' 
l < e J
™ l Hhyp + H
z
|e'J'x'M'>| 
(3-29) 
W' 
eJxM W C'J'T'M' 
Among the terms of Eq.(3-20) the linear Zeeman term is by far the 
strongest one in an external magnetic field. By consequence,the second 
2 . 
order contribution of this term, which is proportional to Β , is 
likely to be the leading correction. Fortunately this contribution, 
and hence also of other second order terms, can be neglected for the 
levels of HDO, D O and H O involved in this investigation (Ver 68c). 
There is another effect producing contributions to the energy 
2 
proportional to В . In the laboratory fixed coordinate system there 
is only an external magnetic field В and no electric field Ё. However, 
a molecule travelling with a velocity ν in a magnetic field "sees" 
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also an e l e c t r i c f i e l d because of r e l a t i v i t y e f f e c t s . Defining Β,, , 
E/, and Β, , Ε, as t h e components of В and E p a r a l l e l and perpendicular 
t o the molecular v e l o c i t y v, r e s p e c t i v e l y , a t ransformat ion from t h e 
space-fixed t o t h e molecular center of mass system y i e l d s (Pan 56, 
ρ 330): 
B// - B// -
E
' "
 =
 ° · (3-30) 
B _^ = B _ ¿ ( 1 - V 2 / C 2 Í * 3í B_¡_ , 
( ν χ B ) ( l - v 2 / c 2 ) ~ * = ν χ Β, , 
where E , Β are the magnetic and the electric field strength, respec­
tively, in the molecular frame of reference. With В directed along the 
z—axis and ν along the x-axis, the Hamiltonian for the interaction of 
the molecule with the electric field E is given by (Eq.(3-20)): 
H„ = -μ·Ε'.=ιι vB. (3-31) 
S У 
At 12 kG and room temperature this interaction is about 100 Hz, 
and may be considered as a perturbation on H = H + H. +H with 
eigenvalue W
 T ... At this magnetic field strength H_ is much larger 
εϋτΜ ι Δ 
than H, and the eigenfunctions of Η may be approximated to be 
|EJTM>. 
As can be seen by group theoretical arguments (Tow 55) the first 
order contribution of (3-31) is zero in the case of an asymmetric rotor. 
The second-order contributions can be written as: 
_ |<eJiM |μ vBle'J'x'M'H2 
AW = L * . 
e T
 ε'-Τ'τ'Μ' W - W. I T 1 ,„, 
with
 e
,J'xIMI^ejTM. 
By referring μ to the spherical basis we obtain from Eq.(3-26) 
with standard tensor operator techniques (Ver 68c): 
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AU 
EJTM 
A y 2 в 2 г / J ( J- 1 ) + M 2 'Vj-i τ'
 + 
g=a,b,c 2J+1 τ· 2J(2J-0 V ^ - W ^
 τ
, 
J(J+1)-M2 ss ¿τ , JT' 
2J(J+1) W° -W° , 
JT JT' 
(J+DÍJ+2) 
JT,J+1 τ' 
(2J
+
3)(2J
+
2) l£_ -V^
+1 χ 1 
(3-32) 
where S_
 T, , are the tabulated rotational line strengths (Seh 50) and JT ,J τ ' 
μ the g-th component of the molecular electric dipole moment, 
g 
Explicite expressions of the induced Stark effect given in Eq. 
(3-32) are listed in Table 3-3 for a number of levels of HDO and DO. 
As can be seen from this Table, the effect of molecular velocity must 
be taken into account in the case of HDO but can safely be neglected 
for the levels of DO. 
Molecule 
HDO 
D2° 
Rotational 
level 
22 
21 
22 
3
-2 
S 
51 
Induced Stark effect 
(з.бб-о.бом2^^2 
(-3.62+0.59M2)v2B2 
{-оЛ5-о.о6 Р) 2ъ2 
(0.16+0.05M2)v2B2 
(0.30+0.01М2) 2 В 2 
(-0.13-0.01М2) 2 В 2 
Induced Stark effect 
12 kG and 625 m/sec 
(208-3UM2) Hz 
(-205+33M2) Hz 
(-26-3.tol2) Hz 
(9.1+2.8M2) Hz 
(1T+0.6M2) Hz 
(_7.U-0.7M2) Hz 
at 
Table 3-3. The induced Stark effect of a number of HDO and D20 
levels. 
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3.6 MATRIX ELEMENTS OF l·^ FOR HD1T0 
17 . The appropriate coupling scheme for HD 0 in the absence of 
external fields is : 
J • т 0 = г , , 
F 1 + T D = P 2 , (3-33) 
With l
n
 = 5/2, I„ = 1 and I„ = I, the rotational J = 2 level will be U и π 
s p l i t into 28 hyperfine levels . The matrix elements of the several 
hyperfine interactions diagonal in the rotational s t a t e , are evaluated 
in the representation ljxI0F1IT)F_IHFM_>, in the following abbreviated 
as |JTF 1 F_FM S ,>, using spherical tensor operator techniques (Ver 68a, 
Ver 69). 
The results for the matrix elements of the spin rotation inter­
actions are: 
CxF^FMpl^ Γ
Κ
·Μ
( Κ )
·Τ|ΛΡ·Ε^·Η^> = 
- J C ^ rF 1(F 1 + l)-J(J+l)-I0(l0+l)l6(F',F1)6(F2,F2)6(F',F)6(M¿,,MF) 
J+T +T +2F'+F r τ 
+ C J D ) ( _ } 0 D 1 2 [ J ( J + 1 ) ( 2 J + 1 ) I D ( I I ) + 1 ) ( 2 I D + 1 ) ( 2 F I + 1 ) ( 2 F ' + 1 ) J Í X 
ÍF 1 F') (F' I F ) 
Ч ι Ль
1
 FD ,YF^2^'>*^>V
 + 
,„v J+I.+I_+I„+2F/;+F1+F!+F Γ , 
+ C^(-) ° D H 2 1 1 [ J ( J + 1 ) ( 2 J + 1 ) I H ( I H + 1 ) ( 2 I H + 1 ) ( 2 F ; + 1 ) ] 2 
X [ ( 2 F 1 + 1 ) ( 2 F 2 + 1 ) ( 2 F 2 + 1 ^ '* *ffi ] ^ ' ' Ц
Р
) а ( М ^ ) . 
χ 
Η 2 1 D 1 0 
(3-3U) 
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The matrix elements of the quadrupole Hamilton!an are: 
<*F1F2FMF | ζ 4 2 ) - V £ 2 ) | J T F Í F ¿ F ' M ¿ > = (3-35) 
1
 (
 о 1 ( о ) , / + I o + F i 
TT ( e <ijTQ ) {~> 
(2J+1)(2J+2)(2J+3)(2I
n
+l)(2I Q +2)(2I 0 +3) 
2 J ( 2 J - 1 ) ( 2 I 0 ) ( 2 I 0 - 1 ) 
j J το F í 
í l 0 J 2 
l[a(F',F1){(F¿,F2){(F ,,F)6(M^,I^ l) + 
/τ^ ^ J+ In+ IT,+ 2 FÎ+F; ["(2J+I)(2j+2)(2J+3)(2F+1)(2F; + I ) f 
+ | ( e q T Q ) ( D ) ( - ) ° D 1 2 ' ] ] 
U % = 4 J T 2 J ( 2 J - 1 ) 
(2I D -H)(2I D - t -2)(2I D +3) 
( 2 I D ) ( 2 I D - 1 ) [;
 F
D
 Ж l li'www. 
D 1 
To calculate matrix elements of the spin-spin Eamiltonian,it is 
most convenient to rewrite this operator in terms of scalar products 
(Tha 6U): 
<JTF.FJ,MJÏ„.*D^KL'-ÏT |JTF!F:F'M1> FMp 1 2 Τ' К L' 12' M¿> 
(3-36) 
,(KL) 
^ )< JxF 1F 2FM F||[(i L.J)(VJ) +(í K.J)(i L-J)|-(V r L)(J-J)l j T FP¿ F , MF J(2J' 
The last matrix element can be evaluated Ъу matrix multiplication.The 
(K) 
matrix (!„·?) is readily obtained from Eq. (3-31*) by setting С =1. JT 
The matrix elements of (Γ. ·Γ ) are given by: 
1 + J + W F 1 + F 2 + F i I 
^ T F ^ F M ^ . I J J T F ^ F - M ^ = (-) U " ' " '[10(10+1)(210+1)]*х 
c [ l D ( l D + l ) ( 2 I D + l ) ( 2 F 1 + 0 ( 2 F ; + l ) p j F l F l 1 j j ? 1 ^ J (?2,?2)& (F',F)6 (M¿,Mp), 
0 0 D 1 
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<jTF1F2FMF |I0-rH |JTF'F¿F-M^> = 
J+I +1 + I + 2 F : + 2 F 1 + F r -, i 
= (-) ° D H 2 1 [ I 0 ( I 0 +1)(2I 0 +1)I H (2I H +1)( I H +1)(2F 1 + 1 ) J 5 χ 
xT(2F' + l)(2T0+l)(2FI-M)pi 2 H ( · 2 2 l j 1 11 4F',F)b(Ml,Mj, 
1
 ( L ï , l I l F ' L F J L j I.) "H 2 1 D 1 ' O O ' 
К 
< J T F 1 F 2 F M F | Í D - Í H | J T F ' F ¿ F - M ¿ . > = 
l+I^+I^+FI+F^+F +FГ 
= (-) D Η 2 2 1 | y l D + l ) ( 2 l D + 1 ) l H ( 2 I H + l ) ( l H + l ) ( 2 F 2 + 1 ) 
Χ (
"
2 + 1 )
Ί ? F" lÜi2 F xÍ«№i^)«FV)^V· (3"37) 
H 2 D 1 D 
The contributions of the matrix elements of IL non-diagonal in 
the rotational state to the energy are generally very small. Their ef­
fect can well be approximated by second order perturbation theory and 
is found to be negligible. 
3.7 CALCULATION OF RELATIVE INTENSITIES 
In a beam maser spectrometer the maser intensity is proportional 
to the power emitted by the molecules. For a dipole transition from an 
initial state i to a final state f the emitted power is at resonance 
given by (Tha 6k): 
APf. = η h, s i n
2 [ ^ ^ wt| · (3.38) 
Although the state selection generally affects the distribution of 
molecules over the hyperfine and Zeeman levels it is found in practice 
that the relative intensities may be calculated,assuming that all 
initial states are essentially equally populated and all final states 
6k 
removed from the beam. Then the intensity at lov exciting field 
strength is proportional to: 
|і
г і
| 2=|<г|
 Е
|і>|2. (3-39) 
where μ_ is the component of μ along the oscillating electric field. 
As the cavity resonates in the TM 010 mode the electric field is 
oscillating along the axis of the cavity, so μ- μ
χ
. By writing the 
initial i^  and final state £ in terms of the unperturbed initial g_ 
and final h states, respectively: 
gi ' 
|i> = E|g>R 
β 
|f> = l\h>K 
h 
the intensity matrix can be written (in matrix notation) as : 
Herein 
Τ = R*.C-R\ . 
chg = < h kie> (3-U0) 
and R. and R. are the unitary matrixes which diagonalize the Zeeman 
and hyperfine Hamiltonian of the initial and final state, respectively. 
In the case of HDO the matrix elements of the intensity matrix C4 
is evaluated in the | JtMLpiLI—M^ representation: 
"fi 
< J T M I D M D I H M H I I J E I J , T , M , I D M D I H M H > = (3-JH) 
= ( I ) Ï ( _ ) J - M < J T | | U | | J 4 , > / j 1 J·' 
-M -1 M 
J 1 J 
M 1 M' 
a(M¿,MD)6(M¿,MH). 
The intens i ty matrix in case of DO and Hp0 i s : 
65 
< J T M I M I | P | J , T ' M ' I , M | > = (3-1*2) 
. 1 J-M 
= ф
2 ( - ) <JT| |U| |σ·τ·> 
J 1 J'\ /J 1 J'\ 
)-ƒ S(I;I)«(MI,MJ 
•M -1 M·/ l-M 1 M7 
17 
In the case of HD 0 the energy levels are degenerate with respect 
to M_,as there are no external fields. By summing Eq.(3-1*0) over the 
degenerate >L, sublevéis we find that the hyperfine intensity is 
proportional to : 
with 
|ζ·Β·.ϋ. | 2, (3-1*3) 
С' = (_) 
J T F ^ ^ . J ' T ' F ^ F ^ F ' V ; 
J+F'+F1+F¿+F2+F'+I0+ID+IH+1 
[(2F+1 )(2F ' + 1)1S3 
n/F F ' 1ч ¡F F ' 1. ,F . F! \ 
^(aF.+DíaFi+DíaF.+ DíaF'+i)]^ W 2 2 XI 1 1 1<JT| | P | |JT 
M F I F_ IL lFI F . l ' l J ' J I¿ ψ ' F Tí »pi ρ I ' ' j ' J i/ 2 "2 XH 1 1 D О 
The observed i n t e n s i t i e s of Zeeman and hyperfine components w i l l 
genera l show devia t ions from t h e c a l c u l a t e d v a l u e s , because of the 
use of high power l e v e l s for s e n s i t i v i t y reasons and the a c t i o n of 
the s t a t e se lec tor(Gor 55a, Tha 61*, Ver 66b, Blu 68) . Noticeable 
deviat ions are found in the case of the 3 p - 2 p t r a n s i t i o n of DO 
(Fig. l*-3 ) and the 6 _-5 - t r a n s i t i o n of HO (Ver 66b). Consequently 
c u r v e - f i t t i n g can not be appl ied in the ana lys i s of t h e experimental 
d a t a . 
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C H A P T E R It 
E X P E R I M E N T A L R E S U L T S 
lt.1 INTRODUCTION 
This chapter deals with the measurements and analysis of Zeeman 
and hyperfine splittings of a number of rotational transitions of 
isotopie species of water. Measurements at zero magnetic field strength, 
dealing with hyperfine interactions, are described in Sect.it. 3. 
In the last section of this chapter the results are discussed of the 
measurements in an external magnetic field. The method used for the 
calculation of the coupling constants from the experimental data is 
given in Sect.U.2. 
it. 2 CALCULATION OF THE ZEEMAN AND HYPERFINE COUPLING CONSTANTS 
FROM THE EXPERIMENTAL DATA 
The frequencies of the Zeeman and hyperfine transitions can be 
expressed in terms of the unperturbed rotational frequency ν and 
the following coupling constants : 
, -ЛК) _(K)
 n
(KL) (К) (K) 
(eqjTQ) ; CJx ; D J T ; g^; c J x ; X J T; gK; o'J; χ & ν . 
The first six constants depend on the rotational state J T . The Zeeman 
and hyperfine structure of the 2„-2. transition of HDO is, for 
example, a function of 19 coupling constants apart from the induced 
Stark effect. Our purpose is to calculate the coupling constants from 
the experimental data. Unfortunately,some of them cannot be obtained 
in the present experiments. 
The matrix elements of Sect.3.3 and 3.U show clearly that the 
isotropic part of the magnetic susceptibility χ cannot be measured. 
The term containing χ gives the same contribution to both JT levels 
av 
involved in a transition. As a consequence the corresponding contri­
butions cancel in the transition frequencies. 
As shown in Sect.3-7 the nuclear quantum numbers remain unchanged 
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in an electric dipole transition. The isotropic part of the magnetic 
shielding will therefore generally cancel in the expression for the 
transition frequency at high magnetic field strength. The corresponding 
energy contributions at low magnetic field strength are too small to 
be measured. The parameter g„ cannot be determined accurately for the 
л. 
same reason. The value of g„ is therefore taken from other sources and 
is assumed to be a constant in the present analysis. The following 
values for the nuclear magnetic moments y„ are used (Ful 65): 
μ
Η
 = 2.792776 μ
Ν
, 
ν
Ώ
 = 0.857U2 uj,. 
(KL) 
In addition the coupling constant D is calculated from the molecu-
JT 
lar geometry. 
In order to calculate the energy splitting of a JT rotational 
level,the Zeeman and hyperfine matrices must be diagonalized. The 
calculation of the matrix elements, as given in Sect.3.3 and 3.U is 
rather complicated. In addition to the forementioned large number of 
parameters appearing in each matrix element,the energy matrices are 
rather large in the appropriate uncoupled representation. In the 
case of the 2- level of HDO we have a 30 χ 30 matrix. The matrices can 
generally be divided in submatrices with the same IL· value, because the 
operator J + I + I_ commutes with the Hamiltonian. Furthermore the 
submatrix for -ÌL· can simply be obtained by replacing -B for В in the 
submatrix for M^. This can be seen both from arguments and from the 
expressions for the matrix elements. The submatrix IL·, = 5 of the 
J = 2 level of HDO is shown in Fig.U.1. To minimize errors all used 
matrix elements are independently calculated by several persons. 
The foregoing shows clearly that the analysis of the experimental 
data requires a computer. The calculations are carried out on a IBM 
360/5О digital computer of the University. The computional method 
supposes the knowledge of an initial set of approximate values for the 
coupling constants. These initial values may be known either from 
previous measurements or from estimates. Starting with these values the 
perturbation matrices of the initial and the final rotational level 
are diagonalized. The transition frequencies and relative intensities 
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are calculated from the resulting energy values and the diagonalizing 
matrices. Transitions with negligible relative intensities are neglec­
ted and the remaining transitions are arranged in order of increasing 
frequencies. The obtained spectrum is compared with the experimental 
line frequencies. In the next stage the values of the coupling para­
meters are varied until the best set of values is obtained which 
reproduces fairly well the experimental line frequencies and intensi­
ties. Starting from this set of constants a least squares method is 
applied in the third stage,yielding the best-fit constants with their 
errors and corresponding correlation coefficients (Ver 69a). 
Measurements at zero magnetic field, dealing only with hyperfine 
interactions, may be analysed by setting В = 0 in the expression for 
the matrix elements of the Zeeman and hyperfine Hamiltonian. The 
accuracy of the values for the hyperfine coupling constants obtained 
in this way is high enough to use them in the determination of the 
magnetic coupling constants from Zeeman spectra. 
U.3 MEASUREMENTS AT ZERO MAGNETIC FIELD 
i*.3.1 Hyperfine structure of the 7.-7
 0 transition of HDO, the 
U -5- transition of DO,and the 6 _-5 transition of H p0 
The hyperfine structure of these transitions is investigated in 
order to check any J-dependent centrifugal effects and isotopie effects 
on the hyperfine tensors at the proton and the deuteron. 
A detailed description of the measurements is given elsewhere 
( Ver 66a, 66b, 6ТЬ,68) . The observed hyperfine spectra are 
interpreted using the hyperfine Hamiltonian of Sect.3.2.5 by means of 
the method described in Sect.l+.2. The best-fit values of the coupling 
constants are given in Table k.1. 
Previous investigations of the centrifugal and isotopie effects 
involved the coupling constants of the 2p-2 transition of HDO, the 
3 o~22 "transition of D.O, measured by Bluyssen et sí (Blu 67), and the 
6 _-5 - transition of H O , measured in this investigation. The com-
ponents of the spin-rotation interaction tensor and of the quadrupole 
interaction tensor were determined and no measurable contributions of 
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Molecule 
НТО 
D2° 
н2о 
Transition 
V 2 1 
V T 0 
3
-2-h 
V 5 1 
6
- 5 - 5 - 1 
Coupling 
constant 
( e V Q ) ( D ) 
P(H) 
C J T 
J T 
D(HD) a) 
J τ 
(ее Q)<D> 
Р
(н) 
C JT 
С? 5 
JT 
n
(HD) a) 
JT 
«•W" 
« ' 
D(DD) a) 
JT 
<-w» ( D ) 
c i D ) 
JT 
n
(DD) a) 
JT 
C ( H ) 
C JT 
D ( H H ) a) 
JT 
Upper l e v e l 
80.10(3) 
-1*2.38(2) 
-2.07(1) 
-2.1*7 
-15.65(20) 
-26.15(5) 
-3.16(3) 
0.1*61 
-72.92(2) 
-2.62(1) 
0.1*1 
78.5(1) 
-2.86(3) 
-0.81* 
-32.70(20) 
12.325 
Lower l e v e l 
79-16(3) 
-1*3.23(3) 
-2.01*(1) 
-2.1*5 
-15.65(20) 
-26.15(5) 
-3.16(3) 
0.1*61* 
1*9.57(2) 
-2.80(1) 
-0.U6 
8.3(1) 
-2.60(2) 
0.093 
-31.75(25) 
8.995 
Reference 
Blu 67 
th i s work 
Blu 67 
th i s work 
th i s work 
Table 1*-1. Experimental hyperfine coupling constants of a number 
of the rotat ional l e v e l s of HD0.D 0,and HO.All values are in kHz. 
a) calculated from the molecular geometry. 
the centrifugal and i sotop ie e f fects could be observed (Blu 67a) · In 
sp i te of t h i s , the indication that these e f fects can be neglected i s 
open to doubt. In view of the large differences in rotat ional constants 
and in the J-values involved, errors due to i sotopie e f fects may be 
compensated by centrifugal e f f e c t s . 
In order to invest igate th i s p o s s i b i l i t y the measured hyperfine 
coupling constants of the 7..-T0 t rans i t ion of HDO and of the ^g-5. 
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transition of D_0 are compared with values calculated from the fore-
mentioned components of the relevant tensors. Analysis indicates 
(Ver 68) that the rigid rotor approximation is good within the experi­
mental error for the deuteron spin-rotation constant С . Agreement 
for the C:. and (eq Q) constants is not better than within 2-5 
ut υ Τ 
times the experimental error. 
The present investigation shows that within the accuracy of the 
present experiments,centrifugal and isotopie effects have measurable 
contributions. For further investigation of these effects it is 
desirable to obtain more experimental values of the hyperfine coupling 
constants. 
17 
U.3.2 Hyperfine structure of HD Ό 
The measurements are performed on an enriched sample of 
17 17 
HD 0 prepared at the Oak Ridge National Laboratory. The 0 enrich­
ment of the sample (0.Θ g) is 9·5 %· This amount is sufficient for a 
run of about UO minutes at an effuser pressure of 1 Torr. A freezing-
recovery procedure is applied in order to gat a total measuring time 
of a few hours. However the sample got quite heavily contaminated 
after a number of runs and freezing-recovery operations. In addition, 
experiments on transitions of HD 0 and D_ 0 with a similar Stark 
effect showed a preferential state selection causing a weakening of 
the transitions lying in the lower frequency range of the spectrum. 
For these reasons we have measured only the high frequency range of the 
spectrum. 
In the first run the high-frequency part of the spectrum is 
scanned at a rather high sweep rate in order to get the position of 
the groups of lines. In the subsequent runs each group is recorded at 
a low sweep rate yielding accurate frequencies of the individual hyper­
fine transitions. The measured frequencies and their errors are listed 
in Table U.2. Figure h-2 shows a recording of a group of hyperfine 
transitions. A large fraction of the experimental errors of the line 
frequencies originates in the uncertainty in the determination of the 
top of the lines distorted by dispersion effects. The signal to noise 
ratio varies from 2 to about 1*0. 
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Ι Ί cale 
2.5 
20.0 
11.9 
13- U 
23.7 
2.0 
10.7 
18.8 
1.0 
1.0 
2.9 
2.0 
5-9 
lt. lt 
15.1* 
14.4 
3.0 
1.0 
14.1 
11.5 
34.9 
8.0 
2.8 
13.7 
4.0 
1.1 
6.2 
2.8 
4.1 
1.1 
8.6 
7.4 
8.7 
2.8 
ca le 
1872.2 
1871.7 
1844.0 
1816.9 
1802.1* 
1788.7 
1782.8 
1775.9 
1766.3 
1761*.9 
1275.9 
1266.7 
1255.9 
1244.9 
1234.9 
1229.O 
1220.7 
1217.6 
1208.З 
1207.6 
119З.5 
1188.9 
1178.2 
1161.6 
1143.8 
І І З І . З 
1074.5 
IO6O.O 
1031.0 
1020.1 
1015.7 
IOO8.5 
IOO6.3 
995.7 
V 
meas 
1872(2) 
1844(2.5) 
1816(2.5) 
1802(2) 
1785(5) 
1777(3) 
1234(3.5) 
1228(10 
}1209(3) 
1192(3) 
1162(3) 
} l004(4) 
c a l e 
1.1* 
9.3 
1.4 
26.8 
1.1 
3.6 
5.6 
1.1 
1.5 
1.9 
1.5 
5.5 
13.7 
3.3 
23.6 
18.6 
2.8 
33.8 
1.5 
1.1* 
15.1 
18.1 
2.8 
2.3 
5.2 
3.1 
2.8 
5.0 
1*5.5 
33.9 
14.5 
35.7 
26.7 
20.7 
c a l e 
974.4 
963.4 
961.2 
949.6 
943.4 
930.9 
922.1 
919.9 
593.0 
58O.5 
576.5 
557.9 
548.2 
533.8 
531.0 
521.2 
518.9 
507.1 
505.4 
504.2 
502.З 
1*81.7 
454.7 
4 4 τ · ο 
265.9 
260.6 
210.6 
202.5 
187.2 
I 8 7 . 2 
187.1 
186.8 
I86.8 
I86.O 
V 
meas 
962(3) 
950.3 
559(3) 
547(3) 
531(2) 
521(2) 
507(2) 
482(2) 
267(3) 
200(3) 
\ 
1 
¡187(2) 
j 
) 
ι
 Ί 
c a l e 
1.9 
5.2 
1.2 
2.8 
7.З 
8.4 
13.9 
3.0 
11*.2 
7.0 
1.0 
3.3 
1.9 
5.7 
3.8 
1.5 
1.4 
4.2 
3.4 
2.2 
99.9 
80.2 
69.8 
62.0 
52.7 
81*. 1 
1.9 
4.9 
2.0 
3.4 
4.0 
1.8 
1.4 
3.5 
ca le 
173.2 
170.6 
163.6 
163.О 
11*1.8 
11*1.1* 
11*1.1 
141.0 
139.5 
138.9 
116.9 
113.7 
110.0 
106.9 
106.5 
97.8 
91.3 
76.1 
74.3 
63.2 
2.2 
1.5 
0.3 
- 0 . 3 
- 1 . 7 
- 2 . 1 
- 6 5 . 5 
-67.4 
- 6 9 . 9 
-7O.6 
- 7 8 . 1 
- 9 3 . 1 
-97-9 
-105.З 
V 
meas 
171(2) 
}162(2) 
\ 
i 
>140(2) 
1 
/ 
114(3) 
}107(3) 
} 74(3) 
| 
J 
/ 0.0 
1 
\ 
¡-68(3) 
/ 
-78(3) 
Table 4.2. The calculated relative intensities I 
measured and calculated line positions ν 
cale 
and ν 
and the 
cale' respec­
tively, of the high-frequency hyperfine spectrum of the 2-2. 
17 . . . 
rotational transition of HD 0; all frequencies are given in 
kilohertz relative to the central line. The relative intensities 
are calculated for the case of conventional microwave spectros­
copy. 
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I 
l i l i 1 1 
i 
_ 1 1 1_ 
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17 
Fig.U-2. A recording of a group of hyperfine transitions of HD 0 
As shown in Sec 3-6 the hyperfine splittings and line frequencies are 
determined by 16 (eight for each level) coupling constants: 
( e , j T Q ) ( 0 ) , ( e q J x Q ) ^ C(0> C(D> C ( f , D ( f \ D ( f \ a n d D < ° T H \ JT ' J T ' J T ' JT ' JT ' J τ 
Values of the spin-spin coupling constants D , D , and D are 
υ Τ JT от 
calculated from Table 3-2 using known geometrical parametere and the 
2 2 
values of< J_ >. The average values of< J > and the principal axes β β 17л and moments of inertia are calculated by assuming for HD 0 the same 
geometry as for HD 0. 
In this way the number of coupling constants to be deduced from 
the observed spectra,is reduced to 10. But even with this number of 
constants only poor accuracy can be expected for the hydrogen and 
deuteron constants С·. , С
 T .and (eq_ Q) , if they are handled as 
JT ' JT' JT * 
adjustable parameters to fit the spectrum. The corresponding inter­
actions give rise to splittings only within each group of lines, 
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Coupling 
constant 
<- У 0 ) 
c
;°) 
JT 
^ y D ) 
JT 
C i H ) JT 
D(HD) 
JT 
D(0D) 
JT 
D(OH) 
JT 
2 2 level 
-2528(2.5) 
-22.5(3) 
80.348) 
-2.0l*(2) 
-1*2.2(2) 
-2.1*5 
1.1*3 
-0.12 
2 1 level 
-2251(2) 
-22.35(20) 
79.1*7(7) 
-2.00(2) 
-1*3.0(2) 
-2.U3 
1.1*2 
-1.12 
Table U-3. Hyperfine coupling constants of the 2 ? and 2. 
17 
level of HD '0.A11 values are in kHz. 
17 
which for HD 0 can be determined only with considerably larger errors 
than for HD 0 and D 0. It has been shown in Sect.l*.3.1 that the 
dependence of coupling constants at the hydrogen and deuteron nuclei in 
HDO, D„0, and H_0 upon rotational state and isotopie substitution is 
in a rather good agreement with theory based on the rigid rotor 
approximation. Assuming that this theory is (evidently) valid also for 
17 HD 0 the six constants : 
,(H) „(H) „(D) „(D) 
Лг 
С — С*"', С
1
"', С*"', (eq. Q) ( D ) and(eq2 Q )
( D ) 
¿ 2 ^ ¿ 2 ¿1 ¿g 1 
of HD 0 can be obtained from the corresponding constants of 
HD О by a sequence of scale-, rotation-, and reflection transforma­
tions (Ver 68a). This procedure is applied to obtain the proton and 
deuteron constants shown in Table U-3. Effects of possible errors in 
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these constants, because of the deviations quoted in Sect.l|.3.1, can 
be neglected in view of the experimental errors in the transition 
frequencies (Table І4-2). The remaining four coupling constants 
(eq^  Q) , (eq Q ) ( 0 ) , c)P' and C^°' are obtained from the fit of 
¿2 1 2 ¿1 
experimental and theoretical spectra using the IBM Зб0/5О computer. 
The best fit hyperfine constants are listed in Table U—3. The 
hyperfine spectrum calculated with these constants is given in Table 
h-2,together with the experimental values. Agreement between calculated 
and observed relative intensities is generally good. 
k.k THE ZEEMAN EFFECT 
1*.1*.1 Performance 
The first order Zeeman effect is by far the largest interaction 
causing splittings of the order of 5 MHz at magnetic fields of the 
order of 10 kG. As shown in Sect.3.3 and 3.Ί this splitting is given 
by the expression: 
uWjTM = - g J T ^ M B · 
The frequencies of the transitions, obeying the selection rule ΔΜ= ± 1, 
are given by: 
hv Ь
 о * *Ι'τ-
μ
Ν
Β
-
 (gJx - e j ' x ' N " 3 ' 
where ν is the transition frequency in the absence of both external 
fields and hyperfine interactions, and g_ and g T t . represent the 
rotational molecular magnetic moments of the higher and the lower level, 
respectively, of the transition in question. 
It is seen from Table k-h that the g and g T I , involved in a 
specific transition are nearly equal. Consequently the spectrum consists 
of two groups of lines, centered at ν ±g_u„B/h and extending over 
about 2J(gjT-gj,τ,)ЦдВ/h. 
Each line within such a group is split because of hyperfine 
interactions. In case of HDO at 12 kG these groups of lines are 
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situated at a distance of + 5 MHz from the 'unsplit line and contain 
lines distributed over a region of about 0.5 MHz. 
It would take several hours to measure both groups of lines in 
one experimental run. Apart from difficulties to keep the magnetic 
field well stable over such a long time, only a few spectra a day can 
be obtained. For these reasons a different procedure is followed. 
After the magnetic field is stabilized,one group of lines is 
measured a number of times. At another time the other group of lines 
is measured thoroughly. The relation between the magnetic field in 
the cavity and at the point of calibration may change between these 
two sets of measurements because of cycling and temperature effects. 
To correct for this change two single lines, one of each group,are 
measured accurately in both series of measurements. Their frequencies 
obtained in the first series are compared with the frequencies 
obtained in the second series of experiments. In this way the 
change of the magnetic field in the cavity between the two series is 
determined. 
The magnetic coupling constants are calculated from the 
frequencies of the single lines appearing in the Zeeman spectrum by 
means of the least squares method described in Sect.U-2. 
The value of the unsplit line position ν is determined either 
from the experimental data by introducing ν as a parameter in the 
least squares fit, or from the measured position of a specific single 
line of the hyperfine spectrum at zero magnetic field. If the hyper-
fine coupling constants are known,the value of ν follows from the 
о 
p o s i t i o n of t h i s s i n g l e l i n e . In an adequate f i t these two values 
must agree. 
The Zeeman experiments are performed with c a v i t i e s l6 cm long, 
giving a hal f width of about 1.8 kHz. Vapour pressures of about 0.1 
Torr are used in the source chamber. Apart from the H„0 t r a n s i t i o n , 
the s p e c t r a are measured with a time constant of 1 sec of the lock- in 
a m p l i f i e r . The H_0 t r a n s i t i o n i s measured by means of t h e CAT. 
1+Л.2 Zeeman e f fec t of the 2 - 2 t r a n s i t i o n of HDO 
In the f i r s t s e t of experiments the s p l i t t i n g s are measured in 
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a magnetic f i e l d of 5 kG. The t h e o r e t i c a l l i n e pos i t i ons are brought 
i n t o a rough agreement with the measured frequencies by varying 
s l i g h t l y the i n i t i a l values of the molecular magnetic moments of the 
2„ and 2 l e v e l s of HDO l i s t e d in Table k.k. S t a r t i n g from these 
v a l u e s , a l e a s t squares f i t y i e l d s the b e s t - f i t values of the molecular 
magnetic moments a t 5 kG: 
g 2 = 0.5¡*791 (26) , ( U 1 ) 
g l = 0.5І+967 (26) . 
Second order magnetic effects are not important at this field strength 
and are neglected. The linear Zeeman effect is then calculated for 
several values of the magnetic field strength using the g T 's of Eq. 
J τ 
(U-1). These calculations show that a sufficient number of isolated 
transitions can be expected at 12 kG to determine the contribution of 
magnetic susceptibility to the molecular energy. 
At 12.009 kG both groups of transitions,with signal to noise 
ratios from 5 to 80, are measured six times to determine the frequencies 
of the isolated lines. Figure (2-6) shows the Zeeman effect of the 
2„-2 transition of HDO. The experimental frequencies of the isolated 
transitions are given in Table k-5· 
It is shown in Sect.3.5 that the induced Stark effect at a 
magnetic field of 12 kG cannot be neglected. This effect gives energy 
t 
splittings AW_ „ which can be written as : 
Û W ; M = i*
 + в т м
2 ) 2 в 2 . ( 1 , - 2 > 
where ν is assumed to be perpendicular to the direction of the 
magnetic field. This velocity is not uniform in the molecular beam. 
Assuming a molecular velocity distribution as given by Ramsey (Ram 56, 
ρ 20) and neglecting the dependence of the transition probability on 
the molecular velocity, expression ÇU—2) may be written as: 
< * - <AJT + Β^Μ
2) 2α
2
Β
2
, <"-3> 
where α is the most probable velocity. At room temperature this 
splitting is about 200 Hz. 
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Molecule 
Trans i t ion 
Reference 
g (up) 
g(low) 
g(up)/g(low) 
X j T (up) 
χ (low) 
P ( X J T ( 4 P ) » X J I : ( 1 O W ) ) 
(H) , 
cr J x(up) 
σ ^ ΐ ο ν ) 
ο ( σ ^
ν
η ρ ) , σ ^
ν
1 ο ν ) ) 
(D) л a ^ ( u p ) 
a ^ l o w ) 
J Τ 
ρ(o^Jîup) .callow)) 
v(best f i t ) 
0 
vQ(B=0) 
HDO 
2 -2 
2 1 
t h i s work 
0.51+800(22) 
0.51+980(22) 
0.996718(10) 
17.3(15) 
18.3(15) 
-0.1+6 
0(l+)x10 -6 
0(l+)x10 -6 
-0.32 
1027621+5.69(1+) 
1027621+5.9(1) 
Bur 53 
0.551(6) 
0.551(6) 
D20 
3 -2 
-2 2 
t h i s work 
0.33178(13) 
0.3331+2(13) 
0.995078(16) 
-17-5(37) 
17.5(39) 
0.93 
-1+(30)х10_б 
8(27)x10 - 6 
0.9І* 
109191*20.1(1) 
109191*20.2(1) 
Bur 53 
0.338(10) 
0.357(10) 
D20 
V5, 
t h i s work 
0.3293l+(13) 
0.31+153(13) 
0.961+310(10) 
27.M96) 
-2.I+(103) 
0.99 
-12(l+3)x10 
-23(l+2)x10 
О.96 
1091+7133.1+(1) 
1091+7133.33(15) 
н2о 
6
- 5 - 5 -
t h i s work 
0.6572(1+) 
0.6967(1+) 
0.91+326(5) 
1 
Bur 53 
0.653(12) 
0.689(12) 
Table 1+-1+. Measured values of the magnetic coupling constants and of the unsplit line position of the 
molecules HDO,DO,and H O . The upper level involved in the transition is indicated as "up" and the 
- 9 - 2 lower level as "low". The constants χ are given in 10 kHzG , the parameter ν in kHz, and the 
JT о 
remaining quantities are dimensionless. 
Low f r e q u e n c y s i d e 
C a l c u l a t e d 
r e l a t i v e 
i n t e n s i t y 
67 
67 
67 
100 
100 
67 
100 
67 
67 
100 
100 
100 
100 
100 
100 
67 
67 
100 
67 
100 
100 
67 
67 
67 
C a l c u l a t e d 
f r e q u e n c y 
- 5 1 0 0 . 0 7 0 
-5099.1*70 
-508О.З65 
- 5 0 6 5 . З 2 5 
- 5 0 6 2 . 8 5 0 
- 5 0 5 9 . 5 6 5 
-5058.O65 
- 5 0 5 1 . 7 2 0 
-5ОЗ8.925 
-503U.UU0 
-5030.78О 
- 5 0 2 5 . 0 5 5 
- 5 0 2 3 . 3 3 0 
-5ОІ8.ЗОО 
-5015.6U0 
- 5 0 0 9 . 6 1 0 
-1*995.250 
-1*991.250 
-1*987.1*80 
-1*987.265 
-1*983.930 
-Ц965.'•ΘΟ 
-1*950.015 
-1*91*9.780 
Measured 
f r e q u e n c y 
- 5 0 9 9 . 7 6 ( 1 5 ) 
-5080.1*8(15) 
- 5 0 5 1 . 8 8 ( 1 5 ) 
-5ΟΟ9. 5 M 1 5 ) 
-1»9б5.1»0(15) 
-1+91*9.79(15) 
High f r e q u e n c y s i d e 
C a l c u l a t e d 
r e l a t i v e 
i n t e n s i t y 
67 
67 
100 
67 
67 
100 
100 
100 
67 
100 
67 
100 
100 
67 
100 
100 
67 
100 
67 
100 
67 
100 
67 
67 
C a l c u l a t e d 
f r e q u e n c y 
1*917.385 
1*958.970 
1*976.560 
1*998.670 
1*998.705 
5000.1*00 
5ОО2.5З5 
5ООЗ.60З 
5ООЗ.91О 
5ΟΟ7.55Ο 
5OII.88O 
5018.900 
50ЗЗ.О9О 
50З8.95О 
501*2.370 
501*6.210 
501*6.1*90 
501*8.015 
501*8.71*5 
501*9.100 
50U9.83O 
5076.З80 
5087.З6О 
51ЗІ .З5О 
Measured 
f r e q u e n c y 
1*917.29(15) 
1*959.01* (15) 
1*976.57(15) 
5 0 1 8 . 9 7 ( 1 5 ) 
5 0 3 3 . 0 8 ( 1 5 ) 
5 0 7 6 . 3 0 ( 1 5 ) 
5087.1*5(15) 
5 1 3 1 . 2 9 ( 1 5 ) 
Table l*-5- Measured and calculated values of the hyperfine and 
Zeeman components of the 2-2 transition of HDO at 12.009 kG. 
The frequencies are given in kHz with respect to υ=10,278,21*6.0 kHz. 
The relative intensities are calculated for the case of conventional 
microwave absorption spectroscopy. 
81 
However, the velocity distribution in the beam will generally 
deviate from the distribution assumed in the derivation of expression 
(U-2) because of the action of the state selector which may result in 
velocity selection. If these effects are taken into account,the correc­
tion for the Stark splitting has an uncertainty of about 80 Hz. This 
uncertainty together with the experimental error of the line positions 
yields an overall error of 150 Hz. 
(K) 
The parameters g ,χ , σ ,ν and their error matrix are 
calculated with the aid of the least squares method from the isolated 
frequencies in the Zeeman spectrum. The interaction parameter σ 
gives splittings which are approximately three times smaller than 
those of the σ
τ
 interaction. The constant σ is therefore neglected 
in the analysis of data (Table 4-U). 
The magnetic field strength is assumed to be a constant in the 
above analysis. Figure 2-4 shows that the magnetic field strength can 
be assumed to be known within about 0.04 %. With this uncertainty in the 
magnetic field,the error matrix of the couplings constant is calculated 
by means of the expressions for the propagation of errors (Ver 6°a). 
The final results for the coupling constants and ν are listed 
in Table 4-4. This table shows that the values of the best-fit unsplit 
line position agrees with the value measured at zero field,and that 
the values for the magnetic moments agrees with the values obtained at 
5 kG (Eq. (U-1)). The Zeeman and hyperfine transition frequencies are 
calculated from the magnetic and hyperfine coupling constants, the 
unsplit line position, and the Stark contribution. Comparison of the 
calculated frequencies of the isolated transitions,given in Table 4-5, 
with the measured values shows a good fit. 
4.4.3 Zeeman effect of the 3
 p-
2
o
 a n A
 the ^--5. transition of D_0 
The signal to noise ratio of the Zeeman components of the 3
 ?-2p 
transition varies from 2 to 60. Several of the Zeeman components 
are not resolved. For an accurate determination of the frequencies of 
isolated transitions in the spectrum, both groups of lines are measu­
red 12 times. The resulting values of the transition frequencies at 
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Low f r e q u e n c y s i d e 
C a l c u l a t e d 
r e l a t i v e 
i n t e n s i t y 
20 
UO 
20 
7 
20 
100 
7 
7 
100 
1*0 
7 
7 
100 
7 
1*0 
1*0 
25 
67 
67 
20 
67 
20 
25 
1*1 
20 
67 
1*0 
1*0 
1*0 
100 
100 
100 
C a l c u l a t e d 
f r e q u e n c y 
- 3 1 3 6 . 7 3 0 
- З І З І . 7 8 О 
-ЗО76.890 
-3075.51*0 
- З О 7 І . І І О 
-ЗО7О.61О 
-ЗО69.78О 
- 3 0 6 8 . 2 0 0 
-ЗО67.780 
-3061*. 31*0 
-ЗО63.17О 
-ЗО62.О2О 
-3061.1*30 
-3060.9l*0 
-ЗО58.78О 
-30U6.97O 
-301*6.730 
- 3 0 3 0 . 9 6 0 
- 3 0 2 5 . 8 8 0 
- 3 0 1 7 . 8 0 0 
- 3 0 1 5 . 5 5 0 
- 3 0 1 0 . 8 9 0 
- 3 0 1 0 . 1 6 0 
- 3 0 0 9 . 9 2 0 
-3006.1*80 
-3005.1*1*0 
-2997.91*0 
- 2 9 9 1 . 0 0 0 
-29Θ7.130 
-2977.1+00 
- 2 9 7 3 . 0 2 0 
- 2 8 8 2 . 7 8 0 
Measured 
f r e q u e n c y 
- 3 1 3 6 . 6 7 ( 1 8 ) 
-3131.81(11+) 
1-3076.1+9(11*) 
-301+6.92(11+) 
- 3 0 1 7 . 5 5 ( 2 5 ) 
J M • 1 · S У \ *— s I 
-3010.51+(12) 
- 3 0 0 6 . 1 2 ( 1 2 ) 
- 2 9 9 7 - 9 5 ( 1 3 ) 
- 2 9 9 1 . 0 0 ( 1 3 ) 
- 2 9 8 7 . 1 1 + 0 5 ) 
-2977.1+5(25) 
- 2 9 7 3 . 0 2 ( 2 5 ) 
- 2 8 8 2 . 6 8 ( 2 3 ) 
High f r e q u e n c y s i d e 
C a l c u l a t e d 
r e l a t i v e 
i n t e n s i t y 
1+0 
100 
100 
100 
20 
26 
1*0 
1*0 
67 
1*0 
67 
20 
67 
20 
1*0 
27 
100 
67 
100 
7 
7 
7 
7 
7 
7 
1*0 
1*0 
20 
1*0 
20 
20 
100 
C a l c u l a t e d 
f r e q u e n c y 
291+2.870 
29UU.120 
29I+6.855 
2 9 5 3 . Ol+O 
2968.600 
2 9 9 6 . 6 2 0 
2 9 9 6 . 8 6 0 
ЗОІО.89О 
ЗОІЗ.З9О 
ЗОІ5.8ОО 
3018.01*0 
ЗО28.390 
ЗО29.58О 
ЗОЗЗ.82О 
303U.630 
ЗО3І+.88О 
ЗОЗ6.55О 
ЗО38.99О 
301*1.210 
ЗО58.85О 
ЗО6І+.150 
ЗО65.5ЗО 
ЗО7О.ЗОО 
3071.280 
ЗО7З.18О 
ЗО77.ІОО 
3083.1+80 
ЗО86.7ЗО 
ЗО87.2І+0 
ЗО93.2І+0 
ЗО97.8ОО 
З І З І . 0 5 0 
Measured 
f r e q u e n c y 
2 9 5 3 . 0 1 ( 1 0 ) 
2 9 6 8 . 6 8 ( 1 5 ) 
l 2996.71+00) 
] 3 0 2 9 . 3 0 ( 1 0 ) 
3 0 7 7 . 1 2 ( 1 0 ) 
3093 .2UOO) 
3 0 9 7 . 7 3 0 8 ) 
3 1 3 1 . 1 0 ( 1 5 ) 
Table l*-6. Measured and calculated values of the hyperfine and 
Zeeman transition frequencies of the 3 o~2p transition of D_0 at 
12.009 kG. The frequencies are given in kHz relative to v=10,919,1*20.0 
kHz.The relative intensities are calculated for the case of 
conventional microwave spectroscopy. 
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Low frequency side 
Calculated 
relative 
intensity 
100 
100 
100 
80 
80 
80 
62 
62 
62 
UT 
1*7 
1*7 
33 
33 
33 
22 
22 
22 
13 
13 
13 
7 
7 
7 
2 
2 
2 
Calculated 
frequency 
-3577-730 
-357U.6OO 
-3522.290 
-31*51.500 
-3UU7.WO 
-31*37.01*0 
-ЗЗМ. 130 
-3329.560 
-3321t. 930 
-32U3.530 
-3211.98О 
-3206.830 
-ЗІЗ5.22О 
-ЗО98.78О 
-3093.100 
-ЗОІ9.2ОО 
-29Θ9.950 
-2983.7ОО 
-2895. W*o 
-2885.1*50 
-2878.620 
-27Э5.200 
-2777.880 
-2763.9ЗО 
-2689.IOO 
-2681.560 
-262U.650 
Measured 
frequency 
-3577.77(12) 
-3571*. 60(12) 
-3522.30(20) 
-31*51.50(20) 
-31*1*7.32(23) 
-3l*37.0U (15) 
-33l+l».26(20) 
-3329-50(15) 
-3325.05(20) 
-321*3.55(10) 
-3211.9415) 
-3206.75(20) 
-3135-12(20) 
-3098.85(1*0) 
-,3093.32(70) 
-3019.28(1*0) 
-2990.20(50) 
-2983.50(50) 
High frequency side 
Calculated 
relative 
intensity 
2 
2 
2 
7 
7 
7 
13 
13 
13 
22 
22 
22 
33 
33 
33 
1*7 
1*7 
1*7 
62 
62 
62 
80 
80 
80 
100 
100 
100 
Calculated 
frequency 
2671.З65 
2678.390 
2735.260 
2798.97О 
2805.170 
2819.З8О 
2911.180 
2922.010 
2927.650 
ЗОІО.67О 
301*0.600 
30U5.78O 
3117.860 
315U.8IO 
3159.530 
З232.78О 
3261*. 670 
3268.9ОО 
3355.1*30 
ЗЗ7О.260 
3373.950 
3I+7I.U70 
3U7I*. 7l*0 
3Ü85.8U0 
3568.270 
З571.З80 
362U.030 
Measured 
frequency 
3118.08(30) 
315l*.7l*(25) 
3159.1*6(20) 
3232.80(15) 
3261*. 70(15) 
3268.88(20) 
3355.1*2(15) 
3370.18(20) 
3373.89(15) 
31*71.1*3(15) 
3ΐ*7ΐ+. 70 (15) 
31*85.88(10) 
3568.27(10) 
3571.39(12) 
3621*.03(12; 
Table 1+-7. Measured and calculated values of the Zeeman and hyperfine 
transition frequencies of the 1*^ -5 « transition of D O at 12.009 kG. 
The frequencies are given in kHz relative to v= 10,91*7,117.0 kHz.The 
relative intensities are calculated for the case of conventional 
microwave absorption spectroscopy. 
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Fig. it-3. Recording of the Zeeman and hyperfine components of the 3_2-2? and ^3 -5i rotational t ransi t ions of 
DpO at 12.009 kG. The ver t ica l bars represent the relat ive in tensi t ies (for the case of conventional micro-
wave spectroscopy) and the positions of the transit ions calculated with the bes t - f i t coupling constants. 
12.009 kG are given in Tahle h-6. Figure l*-3 shows a typical example 
of the Zeeman and hyperfine structure of this transition at 12.009 kG 
As discussed in Sect.2.5.1, the Zeeman components of the ^--5. 
transition of D„0 have substantially lower intensities than those of 
the 3 ?-2o transition. The measured signal-to-noise ratio is not 
greater than about eight, and the spectra show a large number of 
isolated transitions. Each group of lines is measured seven times. The 
resulting values for the transition frequencies at 12.009 kG are 
listed in Table h-1. Figure І4-—3 shows the recorded Zeeman and hyper­
fine spectrum at 12.009 kG. More detailed information is given else­
where (Ver 68d). 
The experimental data are analyzed by the least squares method as 
described in Sect.h.2. The induced Stark effect can be neglected in 
the analysis of these transitions. The final results for the coupling 
constants, including the uncertainty in the magnetic field strength, 
are listed in Table k-h. This table shows that the best-fit unsplit 
line positions υ agree with the zero field values. Finally the 
frequencies of all Zeeman and hyperfine transitions are calculated 
from the set of Zeeman and hyperfine coupling constants and υ . The 
calculated values for the isolated transitions, given in Tables ¡*-6 
and h-T, are in good agreement with the experimental frequencies. 
t.U.U Zeeman effect of the 6 -5
 1 transition of Η 0 
Preliminary calculations show that the Zeeman spectrum of this 
transition of H O consists of a number of isolated frequencies. As 
discussed in Sect.2.5-1 the very low maser intensities of Zeeman 
components require the application of time averaging techniques. 
Sampling the spectra in the CAT over a periode of one hour at a sweep 
rate of 3.5 kHz per sec, a signal to noise ratio of about three can 
bee achieved. Consequently only the Zeeman transitions of high rela­
tive intensity can be measured within a reasonable time. It is 
clear that contributions of the magnetic shielding and susceptibility 
cannot be measured because of the low resolving power at this signal 
to noise ratio. Another difficulty comes from the determination of 
the magnetic field strength in the cavity. Because of the smallness 
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Low frequency side 
Calculated 
relative 
intensity 
1.5 
1.5 
1.5 
4-5 
4.5 
4.5 
9 
9 
9 
15 
15 
15 
23 
23 
23 
32 
32 
32 
42 
1*2 
1*2 
55 
55 
55 
68 
68 
68 
83 
83 
83 
100 
100 
100 
Calculated 
frequency 
-6550.8 
-65IO.6 
-61*91*. 3 
-621*9.8 
-6210.9 
-6191.I* 
-5948.8 
-5911.2 
-5888.6 
-561*7.8 
-5611.3 
-5585.8 
-531*6.9 
-5311.3 
-5282.9 
-501*5.9 
-5011.1 
-1*980.1 
-1*71*1*. 9 
-1*710.9 
-1*677.3 
-1*1*1*3.9 
-1*1*10.5 
-1*371». 5 
-1*11*3.0 
-1*109.9 
-1*071.7 
-381*2.0 
-З809.З 
-З768.9 
-3541.1 
-3508.6 
-3466.1 
Measured 
frequency 
High 
Calculated 
relative 
intensity 
100 
100 
100 
83 
83 
83 
68 
68 
68 
55 
55 
55 
42 
42 
42 
32 
32 
32 
23 
23 
23 
15 
15 
15 
9 
9 
9 
4.5 
4.5 
4.5 
1.5 
1.5 
1.5 
frequency side 
Calculated 
frequency 
3470.6 
З56З.О 
З545.І 
З772.2 
3804.8 
3845.1 
4073.8 
4106.7 
4144.7 
4375.4 
4408.7 
4444.4 
4677.0 
4710.9 
4744.0 
4978.6 
5013.1 
5043.7 
5280.2 
5315.5 
5343.З 
5581.8 
5617.9 
5643.0 
5883.4 
5920.5 
5942.6 
6185.O 
6223.2 
6242.3 
6486.6 
6526.O 
6541.9 
Measured 
frequency 
3471.2(20) 
3562.6(20) 
3546.0(25) 
3772.0(15) 
3804.7(15) 
3843.7(20) 
4074.4(25) 
4107.0(20) 
4144.6(20) 
4376.7(20) 
4408.1(20) 
4443.5(20) 
4676.8(20) 
4711.2(20) 
Table 4-8. Measured and calculated values of the Zeeman and 
hyperfine transition frequencies of the 6 - 5 - transition of H-0 
at 10.005 kG.All frequencies are given in kHz relative to the 
unsplit line position : ν =22,235,079.460 kHz.The relative 
intensities are calculated for the case of conventional microwave 
absorption spectroscopy. 
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of the cavity (diameter 1.05 cm) it is impossible to measure the field 
inside the cavity with the NMR probe (diameter 1.9 cm). To eliminate 
this difficulty, the relation between the field at the calibration point 
and in the cavity is assumed to be the same as for the HDO cavity. 
There is a number of indications that this assumption is essentially 
correct. No change in the magnetic field strength at the central point 
is observed with the cavity as closely as possible to the probe and 
without the cavity. Furthermore,the relation between the field at the 
calibration point and in cavities with larger cavity diameters turns 
out to be independent on the specific cavity. The resulting frequen­
cies of 1U Zeeman transitions at 10.005 kG are listed in Table k-8. 
A least squares fit yields the molecular magnetic moments for the 
levels involved in the transition. The values are listed in Table k-k. 
The frequencies of the Zeeman and hyperfine transitions at 10.005 kG 
are calculated from the coupling constants. These values, listed in 
Table U-8,show a good agreement with experimental frequencies. 
Fig. k-k. A recording of a part of the Zeeman and hyperfine spectrum 
of the 6_ς-5_ι transition of HgO. Distance between frequency markers 
is 3 kHz. 
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C H A P T E R 5 
INTERPRETATION AND DISCUSSION OF THE RESULTS 
5.1 INTRODUCTION 
Recently calculations of one-electron properties for the ground 
state of water have been performed by several authors, using various 
choices of the LCAO-MO-SCF wave functions (Har 67, Aun 68, Neu 68). 
In order to test the accuracy of the resulting charge distributions, 
the values of several one-electron properties obtained from the 
present experiments are compared in this chapter with the theoretical 
results. 
The components of the quadrupole coupling tensor at the oxygen 
nucleus are discussed in Sect.5-2. Our results agree quite well with 
theoretical calculations, but they differ significantly from the expe­
rimental results of Stevenson and Townes (Ste 57)· 
The molecular magnetic moments are analyzed and discussed in 
Sect.5-3. The paramagnetic electronic contributions to the tensor 
elements are evaluated. Simplified theories of Pople (Pop 62) and of 
Karplus and Das (Kar 60) fail to explain these experimental quantities 
as shown in Sect.5^3.2. 
It is interesting to investigate the question if a relationship 
can be obtained between the molecular g-values and the spin-rotation 
-3 . . . 
coupling constants by treating г parametrically in the spin-rotation 
tensor. The complete data on the diagonal elements of these tensors 
obtained in this work make it possible to test such a relationship. It 
is felt that this approach to the electron-coupled spin-rotation 
interaction constants is more meaningful than the attempt to reduce 
the second order term to an expression which depends only on electro­
nic ground state and an average excitation energy (Sai 5Ό· The 
failure of an analogous reduction for the paramagnetic molecular 
moments is well known (Sect.5«3.2). 
The relationship between the molecular magnetic moments of 
isotopie species of water and the molecular electric dipole moment is 
investigated in Sect.5-3.h. A substantial dependence of the elements 
89 
of the molecular magnetic tensor of the isotopie species on the vibra-
tional state is found. 
Section 5>U deals with the molecular magnetic susceptibility ten-
sor. Only anisotropies in the diagonal elements can be obtained from 
the experimental results. The paramagnetic susceptibility is calculated 
from the molecular magnetic moments. The remaining anisotropies in the 
diamagnetic part, which depend only on the ground state wave function, 
are compared with calculated values in Sect.5·6. As shown by Ramsey 
(Ram 50) the anisotropies in the magnetic susceptibility and the 
rotational magnetic moment tensors can be related to the molecular 
quadrupole moment. 
As the principal axes of the molecular quadrupole moment and 
inertial tensors coincide in case of D_0,the entire quadrupole moment 
tensor is obtained for this molecule (Sec.5.U.2). The individual ele-
ments of the magnetic susceptibility tensor are obtained by combining 
(Sect.5.^.3) the anisotropies in the tensor elements with the average 
magnetic susceptibility obtained by conventional methods (Sel 56). 
The isotopie dependence in the elements of the magnetic suscepti-
bility tensor is discussed in Sect. 5.U.U. 
Section 5-5 deals with the measured isotropies in the magnetic 
shielding of the deuteron and the proton. 
Comparison of the computed one-electron properties,which depend 
only upon the wave function of the molecular ground state,with the 
results of the present experiments is the subject of Sect.5.6. 
5.2 THE HYPERFINE TENSORS OF THE OXYGEN NUCLEUS IN HD170 
The diagonal elements of the electric quadrupole coupling tensor 
17 
at the oxygen nucleus of HD 0 in the (a, b, c) coordinate system are 
obtained from the two measured values of (eq Q) , using the expres-
sions for the quadrupole coupling constant,listed in Table 5.2,and the 
2 
Laplace's equation. The required values of <J > are calculated assuming 
17 ^ 
the nuclear geometry of HD 0 as given in Fig.5-1· 
It follows from symmetry considerations that the quadrupole cou-
pling tensor at the oxygen nucleus is diagonal in the (x, y, z) coordi-
nate system (Fig.5-1)* if we assume validity of the rigid rotor model 
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Molecule 
н2о 
D20 
HDO 
HD1T0 
A (GHz) 
a 
835.76 
1*61.22 
7ОО.87 
687.02 
A^GHz) 
U3U.98 
218.00 
272.87 
272.63 
A (GHz) 
с 
278.1*1 
1U5.27 
192.39 
195.19 
Reference 
Ben 56 
Ben 56 
Ben 56 
calculated 
from Fig·5-1 
Table 5-1· Values for the rotational constants of the molecules 
17 . 
HO,DO,HDO,and HD '0 in the ground vibrational state. 
Figure 5-1· Molecular geometry and principal axes system for HDO, 
HD1T0, D20, and H20. 
Molecule 
D20 
HDO 
HD1 70 
н2о 
Rotat iona l 
s t a t e 
3
- 2 
2 2 
S 
5 ! 
2 2 
2 1 
h 
7 0 
2 2 
2 f 
6
- 5 
5
- 1 
<J2> 
a 
1.0261 
З.9511 
15.961 
Θ.5352 
З.9781 
1* 
15.720 
15.770 
3.97Θ5 
k 
1.5030 
З.2285 
<> 
2.2760 
I.U051 
2.3211 
11t. 0280 
1.2659 
1 
23.320 
22.860 
1.261+3 
1 
5.7729 
20.9201 
<J2> 
с 
8.6979 
0.61+38 
1.7181 
7.1*368 
0.7560 
1 
1б.9б0 
17.370 
0.7572 
1 
3U.72U2 
5.8511* 
Table 5-2. Average values of the square of the components of thp 
rotational angular momentum operator J along the principal axes 
of inertia for some rotational levels of the molecules D
o
0,HD0, 
17 2 
HD Ό,and HO.All values are in Ё . 
and isotopie invariance of the charge distribution. The diagonal ele­
ments in this coordinate system are obtained from the measured coupling 
constants by rotating the (a, b, c) axes to the (x, y, z) axes. The off-
diagonal tensor component (eQ ) is determined by rotating the 
ЗаЭЪ 
(χ, y, ζ) axes back to the (a, b, c) axes. The resulting values for 
the non-zero components of the quadrupole coupling tensor are in kHz : 
-7878(8) , 
-2297(72) , 
A (0) (eQ¿4) 
За 
A ( 0 ) 
ЭЪ 
А
 ( 0 ) 
(
eQ
3
_L = 10175(67) . 
Эс 
А
 (0) 
(eOll.) = -2585(31) , 
ЭаЭЪ (5-1) 
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A· ( 0 ) 
(eQ2-i) = 10175(67) , 
Эх 
(eQ^·) = -ΘΘ9Κ21) , 
Э 2 
У 
¡A (0 ) ( eQl l ) = -1283(87) . 
3z 
The asymmetry parameter η is defined as : 
, э
 0)
 , л
( о ) 
( e Q ^ ) - (eQ—g) 
η = ìl il . (5-2) 
(eQ—^) 
Зх 
17 
In the case of HD 0 we get from our results; η = 0.75(1). This result 
differs considerably from the value determined by Stevenson and Townes 
(л = 1.83(20)), but it is in good agreement with recent ab-initio 
calculations as discussed in Sect.5·6. 
It is not possible to obtain the components of the spin-rotation 
tensor at the oxygen nucleus because only two equations, one for each 
level, are available for the three diagonal elements M . 
ββ 
5.3 THE MOLECULAR MAGNETIC TENSOH 
5.3.1 The tensor elements of D O 
The expression for the molecular magnetic moment in terms of the 
diagonal elements G , where G = G + G , is given in Table 3-2. 
66 ρ 
The required values of <J >, listed in Table 5-2, are obtained from the 
molecular rotational constants also given in Table 5-1· 
A least squares fit of the four measured molecular magnetic moments 
gp .g4 ,g|. ,811«3· g R of Dp 0 yields for the diagonal elements of the G fz -1 3 ?1 tensor: 
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G = 0.32530(10) , 
aa 
°ЪЪ
 =
 °-Зб009(22) , (5-3) 
G„„ = 0.32513(15) cc 
The off-diagonal elements are zero because of the C_„ symmetry of D_0. 
Molecule 
V 
Rotational 
state 
3
-2 
22 
U3 
51 
Experimental 
g-values 
0.33178(13) 
0.3331*2(13) 
0.3293»»(13) 
0.31*153(13) 
Calculated 
g-values 
0.3317Ö 
0.3331*2 
0.32933 
0.31*153 
Table 5-3. Measured and calculated values for some rotational 
magnetic moments of D„0. 
From the very good fit of the G values (Table 5-3) of the 
gg 
four J levels,we may conclude that centrifugal distortion has appa-
rently no measurable influence on the G -values for D„0 up to J = 5. 
gg 2 
This may be caused by the cancellation of the centrifugal corrections 
to the nuclear part G and the 
let us consider the nuclear part. 
Substituting the 
(Table 3-1) we get: 
(5-1») 
to the nuclear part G and the electr nic part G . To show th s 
Substituting the expression for A into the expression for G 
о gg 
, . u„m £ Z„.{r -(?„)} 
,(n) В К К К К g_ 
'gg ~ VN Е m. ír2-(r )2} 
К V К v K'g' 
If the ratio Ζ. /nu is a constant independent of К, G is independent 
of nuclear positions. This is almost the case for D_0. By substituting 
the values for the nuclear masses, Eq.(5-U) can be written as (Ver б9а); 
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G(n)= 1 6 ^ 
gg m. 
O.5OOO - 5 5 ь о 5- (5-5) 
The r-dependent part of the term in the square brackets represents 
only a slight correction (about 1 %) on the first (constant) part. 
Centrifugal distortion affects only the last part. This effect is esti­
mated from the results obtained by Posener and Strandberg (Pos 5M to 
be less than 1 % of the r-dependent term for the levels of D
o
0 involved 
in this work. Consequently the elements of G will be constant to 
-k g g 
within 10 under centrifugal distortion. (e) The influence of this effect on G can be estimated using the 
gg 
relation: , . , . 
G(e)= G - G(n), 
gg gg gg 
where G , G , and G are roughly of the same magnitude. As can be 
gg gg gg 
seen from Eq.(5-3) the elements G are independent of J to within 
-3 88 . - τ - (e) 
10 . Consequently the influence of the centrifugal distortion on G 
-3 88 
will be less than 10 
Using Eq. (5-5), the values of G are calculated from the molecu­
lar geometry given in Fig.5-1. The results are: 
G*n' = O.5OO8 . 
aa 
G^ = 0.500U . (5-6) 
G ( n ) = O.5OO6 . 
cc 
Comparison of these values with the values of Eq (5-3) yields the 
electronic contribution to G: 
GÍV = -0-1755(1) . aa 
G b^ = -0.11*03(2) , (5-7) 
Gvc; = -0.1755(2) . 
cc 
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5.3.2 Determination and discuss ion of t h e q u a n t i t y 
Σ(Ε -E ) " 1 | < O | L | n > | 2 
niO 
,(e) From the definition of G g g one can easily derive a relation 
between the electronic part G'e) of the magnetic tensor and 
E(E-E)-1|<0|L |n>|2: 
n*0' 
"Η 
Σ (E
n
-E )_1|<0|L |n>|2 =-r-r G 
,
n
 0 n' ' ' g' ' l*ujl | 
n?<0 
В g 
,(e) 
gg 
(5-8) 
where L is defined with respect to the center of mass of D O . In the 
1 ι 2 following.the quantity Σ(Ε -E )~ |<0|L |n>| is often abbreviated as 
n^O 0 η g' 
,(e). 
Z(L ,L ). 
g в' 
Substitution of the values of G v c yof Eq. (5-7) yields values for 
gg 
the quantity E(L,L ). The results are given in Table 5-1». 
О б 
Σ(^,ΐξ) 
Center of, 
a) 
mass 
-0.0869(1) 
-0. IU7I(2) 
-0.2760(3) 
Deuteron 
nucleus 
-1.25(1) 
-2.76(3) 
-U.05(U) 
Oxygen 
nucleus 
-0.1085(1) 
-O-IU7I(2) 
-0.2976(3) 
Oxygen 
nucleus 
-0.30 
-0.61» 
-О.78 
К к Table 5-1*. Values of (L ,L ) at several points in the D O 
e
.
 e
 -50 2 
molecule. All values are in 10 kgm . 
a) calculated from the electronic contribution to the 
molecular magnetic moment , 
b) calculated from the molecular electronic wave function 
of Ellison and Shull (Ell 55) · 
The quantity Σ(ΐι ,L ) can be transformed to any point Ρ in the 
molecule with the aid of the relation (Lo 66, Heu 68): 
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Z(LP,LP) = Z(Lg,Lg) -|{d2-(d)g} ΣΖΚ + mE{3<0| г. |0>-(d)g<0| (r.)g |0>>, 
(5-9) 
where d represents the position vector of Ρ in the center of mass sys­
tem of DpO, г. is the position vector of i-th electron with respect 
ρ 
to CM, and L is the g-th component of the electronic angular momentum 
with respect to P. The quantities E<o|r.|o> and Z<o|(r.) |o> are 
i \ i x 8 
calculated from the molecular electric dipole moment,which is directed 
along the b-axis: μ = -1.85 D. 
К К 
The quantity Z(L ,L ) is calculated both with respect to the oxy-
(S о 
gen and to the deuteron nucleus. The results are given also in Table 5-Ί 
For the analysis of these values, let us first assume a very 
simple model for the electronic distribution, consisting of th.e closed 
inner shells electrons at the oxygen nucleus and two pairs of OH va­
lence electrons. The inner shell electrons feel an almost spherical 
symmetry and will slip almost completely, thus contributing very little 
toE(L ,L ). Each pair of OH bond electrons feels an almost cylindrical 
symmetry about their bond line . For each pair oonsidered individually, 
the contribution to î(L ,L ) with g along the bond line will be zero, 
S о 
whereas it will be equal along the two axes at right angles to this 
line. One can thus write for each bar in the g-axes system: 
S(L°,L°) + Ε(ΐξ,ΐξ) = S(L°,L°) . (5-10) 
Neglecting overlap effects of the two bars Eq.(5-10) will also hold 
for the molecular .values. Table 5-^ shows that this statement holds 
within about 20 %. 
We shall now try to analyze the values of E(L ,L ) on the basis 
of LCAO-MO theory (See Sect. 5.6.1)· Within the single determinant 
approximation, the many electron molecular orbital wave function ψ of 
a molecule, with total electron spin equal to zero, is a Slater deter­
minant constructed of molecular orbitale (MO) φ and electron spin 
η 
Orbitals α and β. 
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In the LCAO-MO theory the MO's are further approximated by linear 
combinations of atomic orbitale χ centered at the various points in 
the molecule: 
ф.=Ес. χ . (5-11) 
τ
ι
 μ ιμ
Α
ν 
Using LCAO-MO self consistent field equations, the resultant number of 
electronic energy levels is equal to the number of АО's included in 
the basis set.In the molecular ground state, the lower energy levels 
are filled with the electrons leading to a number of unoccupied energy 
levels. Generally,the Σ molecular electronic ground state can be 
written as : 
(5-12) 
ψ =_L 
° m 
Φ1(ΐ)β(1)·Φ1(2)β(2).φ2(3)ο(3)·Φ2(ϊ*)β(1») 
.-φ (2п-1)а(2п-1).ф (2n)S(2n) 
η η 
where 2η is the number of electrons and φ-through φ are the η MO's 
with lowest orbital energies. In this model the excited molecular 
electronic states ( with total electron spin equal to zero) are then 
obtained from expression (5-12) by replacing one or more of the φ.'β 
J 
by φ 'β , where φ are unoccupied MO's in the molecular ground state. 
For example: 
p
 VÑ! 
(5-13) 
ф.(1)о(1).ф.(2)е(2).ф.(3)в(3).ф.(1»)8(и) 
ι ι 0 0 
. Φ. (2п-1)а(2п-1).ф (2n)B(2n) 
κ ρ 
К К К 
with p>n.The operator L in the expression for E(L ,L ) is a sum of 
О 6 6 
one electron operators and cannot excite higher molecular spin states. 
Consequently, only excited states ψ , as given in expression (5-13), 
К К ^ 
can contribute to E(L ,L ), if we neglect overlap effects (see below). 
Substituting expressions (5-12) and (5-13) in the expression for 
E(L ,L ) we obtain: 
E g 
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"Й-Т™'^кі'? і!. (5-"" 
ö b 1
 Ρ Ο η ρ β F 
where E is the energy of the excited molecular electronic state ψ . 
np 6 J *p 
The factor 2 arises as there are two electrons in each occupied MO. 
Substituting Eq.(5-13) into expression (5-1Ό gives: 
occ unocc 
? Σ _ _ Ι Σ le* с <χ iL lx >| /τ ,,r\ ï ρ E
o
-E '
 μ η ιμ pn V g'*n ' · (5-15) 
The sums over i and ρ are over the occupied and unoccupied molecular 
К К 
Orbitals, L represents E(L.) . Thus, if the MO's are known in terms 
of atomic orbitals the paramagnetic susceptibility can be calculated 
from Eq.(5-15) by evaluating <x |L |χ > for the various atomic orbi­
tals in the molecule. All matrix elements of the L , L , and L opera-
x' y* ζ * 
tors involving the spherically symmetric s electronic functions are 
zero. In addition overlap integrals between two atomic centers will 
be small and can generally be neglected (Pop 62, Fly 68). 
A further simplification can be made if the inverse excitation 
energy factors (E
n
-E ) are replaced by a mean value Δ .In this 
case the summation over i and ρ can be put in a more explicit form 
if the type of the involved atomic orbitals is considered in detail. 
This will be shown below for water using the model of Ellison and 
Shull (Ell 55) for the electronic structure of the water molecules. 
This model includes only 1s orbital at the proton and 1s, 2s and 2p 
orbitals at the oxygen nucleus. The 2p orbitals have the same radial 
function. The result of operating on these functions by a component (K) 
of L is given below for the case of the oxygen nucleus: 
(5-16) 
L<°>P = 
Z * X 
L<0>p = 
ζ * у 
L ( 0 ) P -
ζ "ъ 
i h
v 
- ihp
x
, 
0 . 
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Substituting expression (5-l6) into (5-15) we get: 
„ 2 
E(L°L°) = — E E (е.* с -с! с )(с.' с -с.' с ) . /ς
 17Ì 
ζ ζ A i τ) l x РУ ХУ Ρ χ 1 Х РУ ХУ Р х 0-17J 
where с. is the coefficient in Eq.(5-11) for the ρ atomic orbital 
at oxygen for the occupied i-th MO. 
The summation over i and ρ can then be expressed in terms of the 
population density matrix Ρ : 
осе 
Ρ = 2 Σ с.' с. . (5-1Θ) 
μν £ ιμ ív w ' 
In the approximation neglecting overlap integrals we have: 
occ · unoсс , 
Ç с. с. + Ε c c = S . (5-19) 
ι ιμ îv ρ ρμ pv μν w *' 
Application of Eq. (5-l8)and (5-19) in expression (5-1?) gives: 
о 
E ( L ° L ° ) = ^ -
д
( Р + P + P P - P P ) . (5-20) 
ζ ' ζ 2Δ xx yy xy yx xx yy Ky ' 
Using c o e f f i c i e n t s c. of E l l i s o n and Shul l and s u b s t i t u t i n g t h e 
i o n i s a t i o n energy for Δ we get the values for E(L ,L ) given in t h e 
l a s t column of Table 5-^· Comparison with experimental values shows 
t h a t t h e t h e o r e t i c a l values are too l a r g e by about a f a c t o r of t h r e e . 
The f a i l u r e of t h e theory can be due both t o the e l e c t r o n i c model 
of E l l i s o n and Shul l as wel l as t o the severa l s i m p l i f i c a t i o n s made 
i n the d e r i v a t i o n of Eq. (5-20). 
S imi la r d i screpancies between approximate theory and experiment 
are a l so r e p o r t e d for o t h e r molecular systems (Fly 6Ua). 
5 .3.3 R e l a t i o n s h i p between molecular g-values and nuclear s p i n -
r o t a t i o n coupling constant 
-3 Assuming t h a t t h e r term can be e x t r a c t e d p a r a m e t r i с a l l y , t h e 
e l e c t r o n i c c o n t r i b u t i o n (see Table 5-1) t o the s p i n - r o t a t i o n i n t e r ­
a c t i o n (Whi 55) i s : 
where <r > i s assumed t o be the average value of г between t h e 
100 
ground and t h e k - t h e l e c t r o n i c s t a t e of the molecule, with t h e o r i g i n 
of r a t t h e K-th n u c l e u s . The sum appearing in Eq.(5-21) i s discussed 
in S e c t . 5 · 3 · 2 , and t h e numerical values are given in Table 5-1*. 
-3 There are two important approximations made in e x t r a c t i n g <r >. 
They are the assumptions t h a t < O | L г |n> i s equal t o t h e product of 
< 0 | L |n> a n d < o | r |n>,and t h a t <Ofr |n>is the same for a l l η or t h a t 
Ç · ^ ~ 
one s ing l e term i s dominant. The parametric value of <o | r |n>> abbre-
v i a t e d as <r >, can be obtained from Eq.(5-13) i f one knows the 
e l e c t r o n i c con t r ibu t ion to the s p i n - r o t a t i o n term. 
The values of M a t the deuteron are determined from the 
gg 
measured s p i n - r o t a t i o n constants (Blu 67a) and the ca l cu la t ed nuclear 
con t r i bu t i on . The r e s u l t i n g values for M at the deuteron are 
— 1 —2 ^ 
( in kg m ) : 
M ^ ) ( e ) = 9.543 x 1 0 3 8 . 
M¿f ) ( e ) = 8.631* n o 3 8 , 
M ( D ) ( e ) = 8.685 χ 1 0 3 8 (5-22) 
cc 
S u b s t i t u t i o n of these values i n t o Eq.(5-21) y i e l d s the following r e -
-3 . - -3 
s u i t s for <r > i n u n i t s of m : 
g=a . . .. <r~3> = 9.6 χ 1 0 2 9 , 
g=b <r~3> = 8.3 χ 1 0 2 9 . 
g=c <r" 3 > = 8.6 χ 1 0 2 9 . (5-23) 
These values agree mutually t o wi th in about 15 % and hence one 
-3 +29 -3 
may assume a parametr ic value f o r < r > of 9 x Ю m a s the 
c h a r a c t e r i s t i c value for the deuteron and proton i n w a t e r . 
I t i s shown in S e c t . 5 . 2 t h a t the tensor elements M cannot be 
β β 
obta ined from t h e experimental r e s u l t s because only two values of 
C^ are known. In the case of the 2 , l e v e l of HD 0 t h e express ion 
foi 
for C * ' (Table 3-2) r e a d s : 
¿ 1 
C ( ° ) = Л { і , м ( 0 ) ( е ) + м ( 0 ) ( е ) + м ( 0 ) ( е ) + 1 | М ( 0 ) ( п ) + м ( 0 ) ( п ) ( 0 ) ( n ) } 
2. 6 aa Db cc aa Db cc ' 
(5-21*) 
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and the numerical value is; C p = -22.35(20) kHz; a,b and с represent 
1 17 the principal inertial axes of KD 0. Substituting expression (5-21) 
into expression (5-2^) gives: 
Ί 1 
Cí,-^,(B4ÍaíV'-3>^a«í.í^£^.Ií)+Ac^í.Lj)} (5-25) 
(0)(n) 
The values for C? are calculated from the nuclear geometry.Conse-
—"4 0 0 
quently <r > can be calculated from the values of E(L ,L ) given in 
g g 
Table 5-k: 
<r"3> = 1.63 x 1031 m~3 . (5-26) 
This value should be compared with the value calculated with 
ground state atomic orbitals of the 0-atom:<0 Ir--' \o> = 2.88 χ 10 m". 
A possible reason for the smaller value given in Eq.(5-26) is that 
the electron density distribution of a ground and an excited orbital 
differ substantially. The matrix elements of -Ц- between a ground state 
and an excited state wave function will therefore generally be smaller 
than the expectation value for the ground state. In view of this it is 
not surprising that the expectation value of ~3 for the ground state of 
oxygen is larger than the value quoted in Eq.(5-26). 
5.3.U Relationship between molecular magnetic moments of DO, HD0, 
and H20 
The sign of the molecular electric dipole moment 
The electric dipole moment of 1.85(2) D of water has been deter­
mined from the Stark effect on the rotational states (Nel 67). How­
ever this method yields only the magnitude of the moment and not the 
sign. 
It was first shown by Townes et al (Tow 55a) that the sign of the 
electric dipole moment can be obtained from the isotopie dependence in 
the molecular g-values. The appropriate equation relating the 
g-values to the dipole moment is (Tow 55a, Hut 68, Heu 68): 
G 
SB. 
A 
g 
G 
.Ж + !•{*·ν - (a)(ïï)> , (5-27) 
А Г
 μ
Ν
 g g 
g 
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where the subscripts i_ and _f indicate the i n i t i a l and the final isotope, 
respectively; μ represents the g-th component of the e lectr ic dipole 
moment assumed to be along the symmetry axis of the molecule, and d 
i s the change in position of the center of mass because of the isotopie 
substitution, referred to the coordinate system of the i n i t i a l isotopie 
species. In the derivation of Eq.(5-27) i s assumed that the nuclear and 
electronic charge distribution are invariant under isotopie substitu­
t ion. 
Using Eq.(5-27) with HO as the final molecule and DO as the 
i n i t i a l molecule we get the following relations : 
G (H
o
0) = 1.81206 G (DO) _ О.ОЗ628 u . 
aa d aa 2 
0
ЪЪ
(Н20) = 1.9953 Gbb(D20) , 
G (H
o
0) = 1.9165 G (D
o
0) - O.OI208 μ . (5-28) CC 2 cc d 
Substituting Eq.(5-28) into the expression for the molecular magnetic 
moment of H O (Table 3-2) we obtain: 
J(J+1) x g T = 1.81206 <j2> G (DO) + 1.9953 <J?> G.. (D.O) + Jx a aa d b Db d 
+ 1.9165 <J2>G (D„0) - {О.ОЗ628 <J2> + O.OI208 <jf>} μ . (5-29) 
с cc 2 a D 
Using the experimental values of %c and g (Table I4·—U ) and the known 
2 —5 — 1 
values of <J > and G (D„0) the following values for the dipole moment 
g gg 2 
are obtained: 
6 level . . . μ =· -1.96(5) D , 
5 level . . . μ = -1.70(8) D . (5-30) 
To relate the G values of HDO and D-0 we must transform the 
gg 2 
G (DO) from the g-axes of D O to the g-axes of HDO. This is perfor­
med by a rotation (G /A behaves like the product of two vectors) and 
a translation as given in Eq.(5-27). The resulting expressions are: 
G , ,(HD0) = I.322U G (DO) + ΟΛ178 (1 (DO) - 0.02038 μ , 
О, u &S. c. DD 2 
G^,. ,(HD0) = Ο.Ο7688 G (D
o
0) + І.О89З G.. (D
o
0) + 0.00232 μ , b'b' aa 2 Db 2 
G , ,(HD0) = I.32UU G (D
o
0) - О.ОО396 μ . (5-31) 
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The values of t h e e l e c t r i c dipole moment c a l c u l a t e d from t h e molecular 
g-values of HDO and DO a r e : 
2 l e v e l . . . μ = -1.53(2) D , 
2 1 l e v e l . . . u = -1.5U(2) D . (5-32) 
The experimental d ipole moment of 1.85 D i s o u t s i d e t h e range of 
t h e values c a l c u l a t e d from the g-values of DO and H_0 (Eq. (5-30)) and 
of DO and HDO (Eq.(5-32)) . This i s e s p e c i a l l y ev ident for t h e combina­
t i o n DO - HDO. A change i n the g-values of HO by 0.2 % and of HDO 
by about one per cent would change the values given in Eq. (5-30) and 
(5-32) i n such a way t h a t these d i screpancies are removed. 
The r a t h e r l a r g e d iscrepancies i n d i c a t e a breakdown of the assumed 
invar iance of the nuclear and e l e c t r o n i c charge d i s t r i b u t i o n with i s o ­
t o p i e s u b s t i t u t i o n . This may be caused by severa l e f f e c t s among which 
centr i fugal d i s t o r t i o n and v i b r a t i o n a l e f f e c t s are the most probable 
ones . The agreement between the experimental and c a l c u l a t e d magnetic 
moments of D
o
0, as d iscussed in S e c t . 5 . 2 . 1 , i n d i c a t e s t h a t c e n t r i f u g a l 
. (e) 
d i s t o r t i o n has no measurable inf luence on t h e G -values of D„0 up t o 
g g
 (e) 2 
J = 5. The ef fect of c e n t r i f u g a l d i s t o r t i o n on t h e G -values of HDO 
and HO may be somewhat l a r g e r but can a l so be n e g l e c t e d . 
The e f f e c t of c e n t r i f u g a l d i s t o r t i o n on G i s es t imated from 
t h e r e s u l t s on c e n t r i f u g a l d i s t o r t i o n obtained by Posener and Strand-
berg (Pos 5*0· This e f fec t i s found t o be too small t o explain t h e 
d i screpancies between the molecular t e n s o r s of HDO, Dp0 and H_0. How­
ever, t h e zero p o i n t v i b r a t i o n of t h e molecule has t o be taken i n t o a c ­
count , e s p e c i a l l y for the e f fects of i s o t o p i e s u b s t i t u t i o n s on t h e 
enharmonic terms i n the p o t e n t i a l funct ion. 
Using t h e experimental d a t a of Benedict e t a l (Ben 5 6 ) , Kuchitsu 
and B a r t e i l (Kuc 62) and a l so Kern (Ker 68) c a l c u l a t e d the v i b r a t i o n a l 
displacements in s e v e r a l i s o t o p i e spec ies of the water molecule. 
These displacements are genera l ly r a t h e r l a r g e , for example, t h e 
angle between the two OH-bonds v a r i e s by about 10 % in Hp0 (Fig. 5-2). 
The displacements due t o zero-point v i b r a t i o n s are shown i n Table 5-5 
for a number of i s o t o p i e molecules. The q u a n t i t y AR(O-H) r e p r e s e n t s 
the s h i f t i n t h e equi l ibr ium d i s tance between 0 and H because of the 
10^ 
enharmonic terms in the molecular potential; <Δχ > is the mean 
square value of the deviation of the χ coordinate. It is seen from 
Table 5-5 that the overall change in the nuclear geometry,because of 
zero-point shifts is about h %. 
Δϋ(θ-Η) 
AR(O-D) 
ΔΘ 
<(B-R
e
)M 
<(Δχ)Μ 
<(Δθ)2>* 
н2о 
0.01U8 
-0.19° 
0.0б9 
0.071* 
8.72° 
D20 
0.0107 
-0.11° 
0.059 
о.обз 
7.1*9° 
HDO 
0.011+9 
0.0106 
-0.1 U° 
Reference 
Ker 68 
Ker 68 
Ker 68 
Kuc 62 
Kuc 62 
Kuc 62 
Table 5-5· Zero-point vibrational corrections and mean changes 
of the internal coordinates of H_0, D O , and HDO. R is the 
equilibrium distance of R(0-H) .respectively,R(0-D); see Fig.5-2. 
All distances are given in units of 10 m; 
Η Η 
D D 
Fig.5-2. The internal coordinates of the water molecule. 
Calculation of the nuclear part of the G-tensor, performed by us, 
shows that inclusion of the zero point shifts as a correction to the 
rigid rotor model for the three isotopie species does not remove the 
discrepancies in the g-values mentioned above (Ver 69a). By consequence 
these discrepancies have to be explained by the zero-point effects on 
the electronic part and by higher order vibration effects on the mag­
netic tensor. 
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Chan,Ikenberry, and Das (Cha 61*) and Russell (Rus 62) investigated 
the determination of electric dipole moments of diatomic molecules 
from rotational magnetic moments of isotopie species. They pointed out 
that appreciable errors in the dipole moment can result if one ne­
glects the effects of vibrational motion on the paramagnetic part of 
the magnetic moment tensor. This agrees with our findings for the wa­
ter molecule. 
Assuming that the rigid rotor model explains the values of the 
G-tensor elements to within one percent, the G -values of HDO and H O 
are calculated from the G values of D
o
0. These values are listed in 
se
 d 
Table (5-6) and compared with the values calculated by Burke and 
Strandberg (Bur 53) and Schwarz (Sch 52) from experimental data ob­
tained with a conventional Zeeman spectrometer. Deviations are about 
two per cent with one exception: the G values of D O differ by about 
10 %. A reason for the discrepancies can be the low resolving power of 
the conventional Zeeman spectrometer and the neglect of hyperfine 
interactions in the analysis of spectra. 
D2° 
н2о 
HDO 
G
aa 
Gbb 
G
cc 
G
aa 
Gbb 
G
cc 
G
aa 
Gbb 
G 
cc 
Burke and 
Strandberg 
(Bur 53) 
о.збз 
0.352 
0.332 
0.61*5 
0.707 
0.650 
0.623 
0.1*C8 
0.1*38 
Schwarz 
(Sch 52) 
О.287 
0.371 
О.ЗЗб 
О.585 
O.7U2 
0.666 
0.569 
0.1*20 
0.1*50 
The present 
work 
0.32530(10) 
0.36009(22) 
0.32513(20) 
0.657(7) 
0.718(7) 
0.61*5(6) 
0.618(6) 
0.1*13(1*) 
0.1*37(10 
Table 5-6. Molecular G -values of D O , H O , and HDO 
For a better understanding of vibrational effects it is of 
interest to measure magnetic moments of excited vibrational levels. 
This is difficult, however, because the fraction of molecules in the 
first excited vibrational level is only about 0.2 %. The expected 
IO6 
signal to noise ratio at this low population is beyond the sensitivity 
of the present spectrometer. 
In view of vibrational effects the discrepancies in the calcula­
tion of the magnitude of the dipole moments from measured g-values for 
different isotopie species of the water molecule are not surprising. 
However, the sign of the dipole moment can well be determined. 
Let us assume, for example, that the dipole moment is positive in con­
trast to the values given in Eqs.(5-30) and (5-32). Then the correspon­
ding deviation from the rigid rotor model due to vibrational effects 
will have unreasonable values of up to 12 %. In that case one may 
also expect large deviations from the isotopie invariance of the deu-
teron quadrupole coupling tensor and the proton, spin-rotation inter­
action tensor, in contrast to the observations (Blu 67 a , Sect U.3.1). 
Consequently it is clear that the sign of the dipole moment is negati­
ve, i.e. the polarity is 0~H H as could be expected. 
5Д THE MOLECULAR MAGNETIC SUSCEPTIBILITY TENSOR 
5Λ.1 Anisotropies in the diagonal elements of D O 
It is shown in Sect 3-3 that the coupling constants of the mole­
cular susceptibility are expressed in terms of the diagonal tensor 
elements : 
<J2> 
XjT^JUÏi^gg-Xav 5-
with 
(d) (p) 
Xgg ~ Xgg + Xgg · 
Consequently only the anisotropies of the magnetic susceptibility can 
be obtained from the experimental results. The values for (χ - χ ) 
*
 Agg л а 
are c a l c u l a t e d by means of a l e a s t squares f i t from t h e measured coup­
l i n g constants of t h e l e v e l s 2_, 3 o ' ^ v a n d ^, о Γ D_0. The r e s u l t i n g 
values for DO are (in kHzG~ ) : 
x
a a - *av =
 3
-
8 8 ( 2 0 ) x 1 0 _ 8 > 
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ХЪЬ -
 X
av - -1-66(U0) χ I O " 8 , 
X
cc -
 X
av
 =
 -
2
· 2 3 ( 3 0 ) χ Ι Ο " 8 . ( 5 ~ 3 3 ) 
with t h e c o r r e l a t i o n c o e f f i c i e n t s : 
p ( x
a a -
 Х
а '
х
ЪЪ "
 x
a v
) = _
° ·
Τ 1
 ' 
р ( х
Ъ Ь -
 х
а '
х
с с -
 х
а > = - ° ' 8 U ' 
Р(Х
СС
 - Χ & ν , Χ ω - Ха ) = 0.26 . 
Comparison of the measured and b e a t - f i t values shows a good f i t(Ver 69a) 
The paramagnetic c o n t r i b u t i o n s t o the q u a n t i t i e s given i n Eq. 
(5-33) can be obta ined from the e l e c t r o n i c p a r t of molecular magnetic 
moments. The appropr ia te r e l a t i o n i s e a s i l y derived from the d e f i n i t i o n 
of χ ( ρ ) a n d G ( e ) : 
ge SB 
(e) Substituting the values of G and A , given in Eq.(5-7) and Table 
5-1, respectively, we obtain for the paramagnetic part of D„0 (in 
kHzG~2): 
χ!^ = 2.03 χ 10"T . 
xll] = 3.U3 χ ю - 7 . 
Xcc5 = 6-kh * 1 0" T · (5-35) 
The a n i s o t r o p i e s in t h e diamagnetic p a r t a re then c a l c u l a t e d from Eqs. 
(5-33) and (5-35) : 
x
»f - *L, = 2.33(2) χ 10" 7 kHzG"2. 
n o α ν 
*№ -
 Х
а ^ - ° '
3 7 ( U > x 1 0 " 7 ™*G~2· 
Л -
 χ
ί ^ " -
2
·
6 9 ( 3 ) χ 10" 7 kHzG - 2 . (5-З6) 
cc av 
108 
In order to compare these results with the values calculated from 
theoretical charge distributions,the tensor components χ of D O are 
transformed to the molecular system of Hp0. As follows from the defi­
nitions and also from physical arguments, isotopie substitution will 
not change the χ-tensor in the rigid rotor model. However, both the 
diamagnetic and the paramagnetic part change with isotopie substitution. 
The changes in χ can easily be derived from the definition (Table 
D D 
3-1). The result is: 
X
( d )(H 0) = X ^ W o ) + p^m{2(d).<0|Ç(îf),|0>+ 
g g ¿ gg ¿ Ь О 1 1 D 
+ n
el(5)2}{6(g,a) + í(g,c)}.(5-37) 
— H 
where (г. ), is the Ъ-th component of the position vector of the i-th 
electron with respect to the center of mass of H„0; 3 is the position 
vector of the center of mass of H O with respect to the center of mass of 
*- TT 
DpO; η
 1 is the number of electrons. The value of <0|Σ(Γ. ). |0> can 
be calculated from the electric di pole moment of the molecule. With 
u. = -1.85 T> we get from Eq.(5-37) in units of kHzG : 
(d) (H-0) = xijVo) + O.Ux IO"7, 
χίί4°> - хЙЧ°> -
Χ, 
Í^OU» = xííVo) + 0.1U χ IO"7. (5-38) 
The resulting values for γν 'ν 
L ββ ~ av J 
5-7, together with the theoretical values. 
p) M) in the Η 0-aystem are given in Tahle 
5.1*.2 Molecular quadrupole moment and anisotropics in the 
average values of the squared electronic coordinates 
According to the definition (Table 3-1) the anisotropy in the 
diamagnetic part of the susceptibility tensor can be written as: 
9 
Xgg0 - *av} =\<°\ l ^ l - (?i>2>l°>. (5-39) 
109 
The operator 
E{3(r.)2 - (F.)2} , 
ι
 ö 
represents clearly a measure of the deviation of the charge distribution 
from spherical symmetry. 
Using for (χ - χ ) of H 0 the values given in Table 5-7 we get gg av 2 
for the anisotropics in the second-order moments of the electronic 
—? 1 Ρ 
charge distribution ( in units of 10 m )'· 
< 0 | ? { 3 ( ? . ) 2 - ( ? . ) 2 } | 0 > --T.J»5(9) . i l a ι 
<о|Чз(?.) 2 - (?-)2}|o> = 6.7K6) , 
i I D ι ' 
< 0 | Ç { 3 ( r . ) 2 - ( ? . ) 2 } | θ > - 0 . 7 6 ( 1 2 ) .
 {5_hQ) 
ρ p 
Other a n i s o t r o p i c s , l i k e < 0 | E { ( r . ) - ( r . ).} |0> .can simply be ca lcu­
l a t e d from Eq.( 5-1*0). These values do not provide an independent t e s t 
on the c a l c u l a t e d charge d i s t r i b u t i o n , and v i l l not be discussed. 
Another molecular quant i ty of i n t e r e s t , the molecular quadrupole 
t e n s o r , i s a l so r e l a t e d t o the data obta ined above. This t e n s o r i s 
defined as : 
Sg 
, = - | ? < o | 3 ( r . ) g ( ? . ) g , - < ? . ) 2 6 < β , β · ) | ( » + 
f £ 3<?кУ?к -(?/<(*.*·)}. (5-И) 
The nuclear term is easily computed from the geometry of the 
molecule. The electronic contribution can be calculated using known 
wave functions of the electronic ground state. Such "ab-initio" 
calculations have been performed recently by several authors for the 
water molecule (see Sect.5-6). Until now there was no experimental 
value for this quantity. 
The off-diagonal elements of the quadrupole tensor of D O are 
zero by symmetry requirements. The diagonal elements can be obtained 
directly from the present values of the molecular magnetic moment and 
the anisotropics in the magnetic susceptibility. 
As follows from the definition of the molecular magnetic moment ten­
sor,the susceptibility tensor (Table 3-1), and of the quadrupole tensor 
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'fea(5-^ 1 )),the element Θ of the latter tensor can be written as: 
^ ' SB 
3u,Te G , G G,. G 
^e
 ίγ
 _ y ) _ -3L ( β« _ 1( a a + _ьь + SI) ) 
BS • ^ ^ • ν - ϊ ψ ^ - з т '
,(54г) 
The experimental values of χ -χ and G are given in Sects. 
Agg Aav gg ь 
(5.!*.1) and (5.3.1). Substitution of these values yields the following 
ο/Γ ρ 
quadrupole tensor elements of D O (in units 10" esu cm ). 
0 = 2.72U(1U) , 
aa 
^ = -0.321(27) , 
θ = -2.U02(21) . (5-U3) 
cc 
In order to compare these results with theoretical values, the 
former ones are transformed to the H_0-axes system using the relations 
Θ (H-0) = θ (D_0) - (3(d) (£) - d-v) , (5-W0 
gg 2 gg ¿ SS 
which can be derived from Eqs. (5-U2), (5-27) and (5-37). By substitu-
ting μ. = -1.85(2) D in Eq.(5-1*1+) we get (in the same units): 
а а
( Н 2 0 ) = 0 a a ( D 2 O ) " °· 0 9 6· 
Ь Ь
( Н 2 0 ) = 0 b b ( D 2 O ) + ° · 1 9 2 ' 
e (н
о
0) = ( D O 0 ) - 0.096. (5-1*5) 
ce ¿ cc ¿ 
The values of Θ (Η 0), obtained by substitution of Eq. (5-·*3) into Eq. 
(5-1*5), and the results of ab-initio calculations are given in Table 
5-7-
5.U.3 Average values of the squared electronic coordinates 
The average diamagnetic susceptibility is directly proportional 
to the value of <o|Erf|o>: 
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Ха
^ = -|у2т<0|^|0>. (5-U6) 
This relation is easily derived using the definition (Table 3-2) of 
χ . The average diamagnetic susceptibility can be calculated from the 
average magnetic susceptibility and the average paramagnetic suscepti­
bility. 
The average paramagnetic susceptibility of H„0 can be calculated 
from the values of Eqs.(5-36) and (5-38), using the fact that χ is 
invariant under isotopie substitution. The resulting value for Hp0 is: 
χ
( ρ )
 = 3.8Θ χ IO"7 kHzG-2 (5-UT) 
a ν 
As shown in Sect.h.2 the average magnetic susceptibility or bulk 
susceptibility cannot be measured in beam experiments. To our knowledge 
no experimental value for χ is known in the literature. The value 
may be calculated semi-empirically by means of Pascal rules (Sel 56). 
Assuming that the magnetic susceptibilities of gaseous and 
liquid phase are the same to within 15 %t Eisenberg et al (Eis 65) 
assigned to the average susceptibility the value: 
χ = -3.26(50) χ 10"6 kHzG:2 ( 5 _ 1 | 8 ) 
By consequence the average diamagnetic susceptibility of Hp0 is: 
x
^ = -3.65(50) χ 10"6 kHzG-2 
and the corresponding average value for the squared e l e c t r o n i c coord i­
nates (using Eq. (3-H6)): 
< 0 | E ( r ? ) | 0 > = 5.15(70) x 1 0 " 2 0 m 2 . (5-U9) 
i x 
This r e s u l t i s compared i n S e c t . 5 . 6 with t h e o r e t i c a l v a l u e s . 
Combination of Eq.(5-^9) and (5-1*0) gives values for t h e squared 
components of t h e e l e c t r o n i c coordinates in H_0: 
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<0|Σ(Γ.) |0> = 1.1*7(20) χ 10
 m
2 
i 
<0|E(r.)f|0> = 1.9^(20) χ Ю - 2 0 m 2 
¿ l o ' ' 
<0|r(?.)2|0> = 1.7U(26) χ 10"20 m 2 . (5-50) 
i 1 c' 
These values may also be used to test the calculated electronic 
charge distribution. However, because of the large uncertainty introduced 
in Eq. (5-^ *8) the results represent a rather weak criterion compared 
with the anisotropies given in Eq.(5-^0) and will therefore not 
further be considered. 
5.U.U Relationship between the magnetic susceptibility tensors of 
HDO and D O 
As shown in. Sect 5·^ ·1 the χ-tensor is invariant with respect to 
isotopie substitution in the rigid rotor approximation. By consequence 
the components of this tensor in the principal system of reference of 
HDO can be obtained from the tensor components of D O in its principal 
system of reference by a rotation. 
2 . . 
The coupling constant χ is calculated in this way for the 2_ 
and 2. levels of HDO from the values of (χ -χ ) of H„0 given in Eq. 1 *gg Aav _8 2_2
a 
(5-38). The resulting values are (in units of 10~ kHzG~ ): 
χ = 1.63(11) , 
2 
XP = 1.58(10) .
 ( 5 _ 5 1 ) 
1 
Comparison with the measured values (Table U-U)(in the same units): 
Xp = 1.73(15) , 
2 
Xp = 1.83(15) , (5-52) 
1 
shows a good agreement for the χ_ value and a deviation about twice the 
experimental error for χ2 • This deviation can be explained by breakdown 
of the rigid rotor approximation as follows. 
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The values of the anisotropy in the diagonal components of the 
χ-tensor are about three percent of the value of the diagonal compo­
nents. From the observed deviations of the components of the G-tensor 
from the rigid rotor model (Sect.5.3.^),we may assume that the varia-, 
tion of the components of the χ-tensor on isotopie substitution is of 
the order of one per cent. In this case large deviations can occur in 
the anisotropics of these elements for the isotopie species. 
5.5 THE MAGNETIC SHIELDING TENSORS 
The paramagnetic components of the nuclear shielding tensor given 
in Table U-5 are easily calculated from the electronic contribution 
to the nuclear spin-rotation interaction, using a relation which is 
easily derived from the definitions of the involved tensors (Table 
3-1): 
0(K)(p) =_^B M(K)(e) ( 5_ 5 3 ) 
ββ
 2 eK Ag vH e g 
With the value for M * given in Eq.(5-22) and the values for A 
gg g 
from Table 5-1 we obtain for the deuteron shielding: 
/ D> (P) = -37.3 x IO"6. 
σ 
aa 
a
(J)(p)=- 7 1. 3 xio-
6
, 
<
D)(P> = -108.3 x IO"6. (5-5U) 
σ 
cc 
For σ p we obtain from these values : 
av 
0(D)(p) и _ 7 2.2x10-
6
. (5-55) 
av 
The average paramagnetic shielding may be combined with the average 
total magnetic shielding in order to obtain the ground state dependent 
average diamagnetic shielding. Unfortunately,the isotropic magnetic 
shielding cannot be measured in this experiment. Using the values 
obtained from nuclear magnetic resonance experiments (Pop 59): 
n't 
a^ = 30.2 χ Ю - 6 , (5-56) 
we g e t for the diamagnetic p a r t : 
0 ( D ) ( d ) = л -6 ( j 
av 
Several authors c a l c u l a t e d t h i s q u a n t i t y . The r e s u l t s of these 
c a l c u l a t i o n s w i l l be discussed in S e c t . 5 . 6 . 2 . 
The paramagnetic c o n t r i b u t i o n to о of any l e v e l of DO can be 
c a l c u l a t e d from t h e values given in E q . ( 5 · 5 Ό · For example, in case of 
the k l e v e l t h i s c o n t r i b u t i o n σ, p is: 
3 * 3 
% ^ . 2 8 x 1 0 ^ .
 ( 5
"
5 8 ) 
3 
From this value and the measured value of σ) given in Table h-h: 
3 
J d ) = -12(1*3) x 10"6, (5-59) 
3 
the diamagnetic contribution is easily calculated: 
a.
(D)(d)
 = -1*0(1*3) χ Ю- 6. (5-60) 
43 
This value may be compared with the value calculated from the ground 
electronic state of the water molecule. However, until now no calcula­
ted values for the anisotropy of the components of the diamagnetic 
shielding tensor of the proton (deuteron) in water are published. For 
(к) 
this reason, the σ
Τ
 , which have large experimental errors as can 
be seen in Table h-kt are not further analyzed. 
In view of this it is desirable to include in future calculations 
of the one electron properties of water also the individual components 
of the diamagnetic shielding tensor of the proton in order to test 
the quality of the calculated charge distribution. 
No experimental values of the average magnetic shielding and of 
the spin-rotation tensor elements of oxygen are available. Consequent­
l y 
ly the calculated average diamagnetic oxygen shielding cannot be 
compared with an experimental value. 
5.6 DISCUSSION 
5.6.1 Review of calculations of one electron properties of the water 
molecule with several LCAO-MO-SCF ground state functions 
Ellison and Shull (Ell 55) were the first to make accurate calcu­
lations on the water molecule in its ground state. Several previous 
treatments used approximate valence bond methods (Coo 32, Vie 3^, Pau 
ЗТ)· Ellison and Shull's calculations were based on the Roothaan's 
mathematical formulation of the self consistent field (SCF) molecular 
orbital theory (Roo 51),using a linear combination of atomic orbitale 
(LCAO) for each molecular orbital (MO). They used the familiar Born-
Oppenheimer (BO) approximation without relativistic corrections for 
the Hamilton operator. To make use of the symmetry properties of the 
MO's, it is convenient to introduce symmetry orbitais. These are 
linear combinations of АО's taken so as to belong to irreducible 
representation of the symmetry group of the molecule. As the water 
molecule belongs to the group C_ , the irreducible representations 
are designated by a-, a_, b., and b . According to Ellison and Shull's 
calculation, the electronic configuration of the ground state of the 
molecule is (Ell 55): 
(la1)
2(2al)
2(lb2)
2(3a1)
2(lb1)
2
. (5-6D 
This is a singlet state A- belonging to the totally symmetric group 
representation. 
Ellison and Shull used a minimal basis set of Slater type orbitals 
(STO) centered at the various nuclei to construct SCF-LCAO-MO's. This 
treatment was followed by the work of McWeeny and Ohno (Wee 60) who, 
using the same basis set, checked the results of Ellison and Shull 
and tried a few other methods. Merrifield (Mer 62) used also the 
method of Ellison and Shull but with more accurate three-centre inte­
grals. 
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In order to al leviate some of the computational dif f icult ies with 
many-centre integrals , several other choices of basis sets were used. 
Bishop and Randic (Bis 66) and Moccia (Мое 6k) used STO's centered at 
a single point in the molecular frame. The advantage of the single 
centre method is that a l l integrals are easily derived, but more terms 
are needed for an adequate description of the molecular wave-functions. 
Considerable simplification in the evaluation of many center 
integrals was achieved by using Gaussian and associated functions, 
called Gaussian-type orbitals (GTO), instead of STO's for the radial 
parts of the orbitals with retention of spherical harmonics as angular 
functions. The f i r s t systematic consideration of integrals over GTO's 
i s that due to Boys (Boy 50). 
Since then several other papers using GTO's have been published 
(See Neu 68). The GTO's are of the form: 
о 
n(x,y,z) = N f(x,y,z) exp(-ar ) , (5-62) 
where x,y,z are Cartesian coordinates relative to the function's 
center, N is the normalization factor. The prefactor f(x,y,z) i s 1 
for s-type GTO's; x,y,z for ρ type GTO's; and 3z -r ,x -y ,xy,yz,and 
xz for d-type GTO's. 
A new development in the LCA0-M0-SCF method based on GTO's i s the 
use of contracted Gaussian functions (CGF) and Gaussian lobe functions 
(GIIF) instead of ordinary GTO's. A CGF χ represents a l inear combina­
tion of GTO's: 
X(x,y,z) = Σ Α η (x.y.z) . (5-63) 
The set of primitives π in which a particular CGF is expanded 
are generally constrained to have the same center and to be of the 
same type. This limitation allows the form of the CGF, defined in 
(5-63) to simplify to: 
x(x,y,z) = f(x,y,z) Σ A exp(-a r ). 
q 1 4 
Thus a CGF is completely determined by its type, its center, a set 
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of exponents α and a set of coefficients A . The coefficients and the 
q. <1 
exponents may be taken from atomic SCF r e s u l t s , from previous molecu­
lar calculations, or from some other source. The coefficients of the 
contracted functions are again determined variationally. 
The use of both GTO's and CGF's give r i se to integrals involving 
products of Gaussian functions with spherical harmonics. In multicen-
ter problems, the use of spherical harmonics introduces computational 
di f f icult ies . 
For this reason GLF's are constructed (Whi 63). A GIF is also a 
о l inear combination of simple Gaussian functions of the form exp(-ar ) 
without the use of spherical harmonics. The angular dependence in p. and 
d-atomic orbitals is achieved by centering the GTO's at different 
points of space, determined in part by the symmetry of the orbital to 
be expanded. 
The use of both CGF and GLF basis sets turns out to offer attrac­
tive possibilities to obtain good approximations to molecular Hartree-
Fock solutions with limited basis sets. 
Good values for the total energies were obtained for the water 
molecule by means of LCAO-SCF-MO methods using both STO, GTO, GLF and 
CGF basis sets (Har 67, Aun 68, Neu 68). As shown by Mulliken(Mul 62), 
a satisfactory value for the total energy does not necessarily imply a 
good description of the charge distribution. For this reason several 
authors calculated recently one-electron properties of the water 
molecule. Comparison of the calculated values with experimental re­
sults serves as a check in the results of the several types of calcu­
lations . 
Harrison (Наг 67 ) used GLF in his calculation as basis set.con­
taining four s-type and two sets of p-type orbitals on the oxygen nuc­
leus and one s-type and one set of p-type orbitals on the proton.The res 
resulting values for the total energy and for several one-electron 
properties are given in Table 5-7; 
Naumann and Moskowitz (Neu 68) calculated total energy and one-
electron properties of the water molecule.using both GTO's and CGF's, 
The GTO set contained ten s-type,six sets of p-type,and two sets of 
d-type functions centered on the oxygen atom,and four s-type and two 
sets of p-type functions centered on the proton. The contracted basis 
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set included five s-type, three sets of p-type and two sets of d-type 
functions at the oxygen nucleus and two s-type and one set of p-type 
functions at the proton.The resulting values for the one-electron 
properties of interest are also given in Table 5-T. 
Aung.Pitzer, and Chan (Aun 68) started from STO's.Their most 
extensive wave function is based on a basis set of 26 functions :three 
s-type,three sets of p-type,and one set of d-functions on the oxygen 
nucleus and two s-type and one set of p-type functions on the proton. 
The results are given in Table 5-T· In addition,the authors obtained 
contour maps of the electron density. In Fig. 5-3 is shown the map 
in the molecular plane and in Fig. i-'t in the perpendicular plane 
bisecting the bond angle. It is seen from these figures that the 
distribution of the electronic charge is quite symmetrical. 
Fig. 5-3. Contour map of the electron density (in 
atomic units) in the plane of the water 
molecule. Only a half plane is shown. 
17 
The value of the quadrupole moment of 0,adapted in these 
calculations: Q = 0.02U b, is that of Bessis et al (Bee 62)obtained 
3 
from the observed quadrupole constant for the P. state of atomic 
oxygen and the electric field gradient calculated with configuration 
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Fig. 5-k. Contour map of the electron density (in atomic 
units) in the mirror plane bisecting the HOH 
angle. Only the upper half-plane is shown. 
interaction. For the quadrupole moment of the deuteron we have accepted 
a value of +0.002796 b (Nar 6k). 
The experimental values for the several one-electron properties 
are collected in the last column of Table 5-7· Except for the total 
energy (Aun 68) and the magnitude of the dipole moment (Nel 67), all 
these properties have been measured by means of beam-maser Zeeman 
spectroscopy. 
5.6.2 Discussion 
There are at least three possible explanations for the existing 
discrepancies between the calculated one-electron properties of water 
and the present experimental results : 
1) slight differences between the actual geometry of the 
molecule and the geometry assumed in theoretical calcula-
tions , 
2) zero-point vibrational effects, 
3) unsatisfactory molecular wave function. 
Another obvious explanation - unsatisfactory measurements - may be com-
pletely disregarded in view of the very high accuracy of the present 
measurements and the excellent overall fit. 
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Although the geometries of HDO, D O , and H 20 differ slightly, 
these differences have practically no influence upon the fit of experi­
mental results.Consequently the explanation 1) is a very unlikely one, 
because differences between the actual and the assumed geometries in 
the ab-initio calculations are also small. 
The second cause for discrepancies - zero point vibrational 
effects - is recently investigated by Kern and Matcha (Ker 6Θ). They 
performed averaging of one-electron properties in the lowest vibratio­
nal states of the isotopie species of water. Their results were based 
upon the minimal basis wave functions of Reeves and Boys (Boy 56, 
Ree 57) and the experimental vibrational data of Papousek and Pliva 
(Pap 6h). Each MO was represented by a linear combination of eight STO's. 
As can be seen from Table 5-7, various one-electron properties 
obtained By Kern and Matcha, especially the quadrupole coupling tensor 
at the oxygen nucleus and the molecular quadrupole tensor, differ 
significantly from other theoretical and experimental values. This 
may be due both to the limited number of basis functions and to 
inaccuracies in the calculation of multicenter integrals. Although 
the wave functions of Reeves and Boys are less accurate than the 
other mentioned wave functions, their results are listed in Table 5-7 
because they represent the order of magnitude of vibrational correc­
tions. As can be seen in Table 5-7,the vibrational corrections are 
typically about 1 %, but can be as large as 10 %. 
For this reason the performance of the several wave functions 
used in the calculation of the one-electron properties is investigated 
by comparing the calculated and experimental values of the one-
electron properties, taking into account vibrational effects. 
It is seen from Table 5-7 that agreement between the theoretical 
calculations of the quadrupole coupling by various authors and the 
experimental value is very good for the deuteron side, usually better 
than to within 10 ^,in spite of the fact that the electronic and 
nuclear contributions are of opposite sign (see below). This is also 
the case for the asymmetry parameter η ,but the agreement is somewhat 
misleading in this case. Although most comparison between theory and 
experiment were keyed in the past on η because of its independence on 
the exact value of the nuclear quadrupole moment, this parameter is 
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r 
5 .26 
- 1 . 1 0 3 
1.027 
О.О76 
5.ЗІ* 
- 1 . 1 1 3 
1.030 
0 . 0 8 3 
5.61 
- 2 . 3 7 
2.66 
- 0 . 2 9 
-275 
238 
38 
5.1*6 
- 2 . 5 8 9 
2 . 6 3 9 
-O.050 
-230 
219 
11 
5.37 
-2.1*22 
2 .530 
- 0 . 1 0 8 
-21*8 
235 
12 
5.31 
- 2 . 3 8 9 
2.1*95 
-O.IO6 
-253 
2l*1 
11 
5 . 1 ( 7 ) 
- 2 . 5 0 ( 2 ) 
2 . 6 3 ( 2 ) 
- 0 . 1 3 ( 3 ) 
-261* ( 3 ) 
2 3 8 ( 2 ) 
27(1*) 
w 
w 
w 
w 
w 
w 
w 
Table 5-7. Theoretical and experimental values of one-electron properties and the total energy of the 
water molecule. The symbol 'w' indicates that the experimental values are obtained in the present work. 
a) Without correction for zero point vibrations. 
b) Including correction for zero point vibrations. 
c) All values are without the extra correlation energy and relativistic correction. 
d) As quoted by Aung et al (Aun 68). 
e ) x'»У'»2' represent the principal axes system of the electric quadrupole coupling tensor at the 
deuteron in D P0; see Fig. 5-1. 
,ϊ (D) , ..»2y >2y"(ρ) .>2y (ρ) 
g) φ is the angle between the 0-D bond and the principal χ'-axis ; see Fig. 5-1· 
h) The sign of the dipole moment is obtained in this work. 
i) The»(x,y,z) axes system is identical with the (c,a,t>) axes system; see Fig. 5-1· 
not a sensitive test of a calculation. It is evident from the defini­
tion of n.that errors in the components of the quadrupole coupling 
tensor can cancel out to a large extent. A clear example of this 
cancellation is seen in the results of Kern and Matcha. Although 
their value of η agrees well the present experiments, the results for 
17 the tensor elements of 0 disagree by a factor of almost two. As we 
do not know any details of the used wave functions it is hard to say 
which features (e.g. insufficient flexibility of the oxygen orbitals) 
are responsible for the large discrepancy. 
Agreement between the calculated values of the components of 
1T the quadrupole coupling tensor of 0 by Harrison, by Aung et al, and 
by Neumann and Moskowitz is not as good as at the deuteron, but none 
the less surprisingly good (5 % - 2 0 %),taking into account the 
complicated nature of the calculations. Explicit calculations of 
Neumann and Moskowitz indicate that the nuclear and the total electro­
nic contributions to the quadrupole coupling at the deuteron are 
nearly equal but opposite in sign; the molecular orbitals 1a.. , 2a., 
3a., Ib., and 1b„ contributing roughly equally to the electric gra­
dient. This indicates that the deuteron coupling constant is determined 
only by the gross features of electronic distribution and,in con­
sequence,is less sensitive to the detailed shape of molecular orbitals. 
The situation is entirely different at the oxygen nucleus. The 
nuclear and the total electronic distribution have the same sign (+), 
and the latter contribution is determined almost completely by the 
outer orbitals 3a., 1b , and 1bp, with a rather clear predominance of 
1b for the xx-element and of the 3a. for the zz-component. 
As the outer orbitals are much more sensitive to the choice of 
the basis set than the inner ones and are,in consequence, less accura-
17 tely known, the somewhat poorer agreement for 0 is not surprising. 
In the case of НЕЮ the vibrational corrections to the equilibrium 
values of the deuteron field gradients are found to be about one per 
cent. This is an order of magnitude less than the discrepancies 
between calculated and experimental values. The vibrational correc­
tions for the oxygen field gradient are about one per cent for the 
xx and yy components and about 10 % for the zz component. Assuming 
that the same corrections have to be applied also to the oxygen field 
12¿f 
gradient as calculated by Neumann and Moskowitz and by Aung et al, the 
agreement between the calculated and experimental values improves 
considerably. 
The excellent agreement (see Table 5-7) between the calculated 
and the experimental values for the average magnetic shielding at the 
proton is not surprising. The r~ operator plays an important role 
η 
in the Hamiltonian and is therefore favored in the variational method 
for the energy. 
Due to the higher nuclear charge, the operator гГ plays an even 
more important role in the Hamiltonian and its expectation value can 
therefore be expected to be also reasonably accurate. This explains 
also the large similarities between the values for r~ as calculated by 
several authors (see Table 5-7). We may conclude from the foregoing 
that reasonably accurate values for the anisotropics in the di amagne-
tic shielding tensor of the deuteron may be obtained from the/ several 
basis sets. These anisotropics can then be compared with the measured 
anisotropics in the total magnetic shielding as discussed in Sect.5.5. 
With the exception of the less accurate calculations of Kern and 
Matcha,all other recent ab-initio calculations yield electric dipole 
moments which are slightly larger than the experimental value. The 
difference is larger than the vibrational correction. Detailed calcu­
lations by Neumann and Moskowitz show that the addition of p- and 
d-type orbitale results in a distortion of the charge distribution, 
which has large effect on the shape of the 3a. and 1b. orbitale and 
their contributions to the dipole moment. According to Mulliken's 
views a limited configuration interaction will also decrease the magni­
tude of the calculated dipole moment (Mul 62). 
The calculated values of the isotropic part of the charge 
distribution £<o|(r.) |o> are all in good agreement with the experimen-
tal result. The operator ?<0|r.|0> seems to be a rather insensitive 
test of the shape of the wave function. The fact that all calculated 
у ι 21 
values of .<0|r.|0> are slightly larger than the experimental values 
indicates that the true wave function is probably more contracted 
because of the correlation effects than any of the applied approxima­
tions might suggest. 
The operator \ц -χ is proportional to ?<ОІЗ(г. ) -(г.) |θ> 
Γββ avj ι ' ι g ι ' 
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and represents a measure of the shape, or the deviation of the elec-
tronic charge distribution from spherical symmetry. The molecular 
quadrupole moment represents a similar quantity but includes also the 
nuclear charges. 
Taking into account the complicated nature of the calculations, 
the agreement between the calculated and experimental values for 
L· ¿χ* Λ and Θ is rather good. Kern and Matcha reported zero-point 
vibrational correction only for the molecular quadrupole moment and not 
separately for the nuclear and the electronic contributions. Their 
calculations indicate that, generally, the vibrational correction 
does not remove discrepancy between computed and experimental values 
of the quadrupole moment. Neumann and Moskowitz (Neu 68) and Aung 
et al (Aun 68) have calculated the nuclear contribution to the mole­
cular quadrupole moment for a number of geometries of H p0. The re­
sults suggest a strong dependance of the nuclear part of θ on the 
zz 
molecular geometry and by consequence partial cancellation of the 
vibrational corrections to the electronic and nuclear contributions. 
The electronic model proposed by Harrison shows that E<0|(r.) |0> 
— 2 i 
is too large andE<0[(r.) |0>to small compared with the measured 
i χ x 
values. Apparently the outer electrons are more contracted to the 
x-axis and less to the z-axis than in the model of Harrison. On the 
other hand the outer electrons in the model of Aung et al are too 
much contracted in the plane of the molecule. The models of Neumann 
and Moskowitz show a too high concentration at the z-axis at the cost 
of the concentration at the x-axis. These discrepancies may be due 
both to vibrational effects and to a limited basis set used in the 
calculation of the electronic charge distribution* 
5.7 CONCLUSIONS 
The good agreement between the present experimental results and 
the calculations of Harrison, Aung et al, and Neumann and Moskowitz 
is significant for several reasons. It shows that reliable ab-initio 
calculations of molecular properties are feasible and that essentially 
the same results can be obtained with a limited basis of multicenter 
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GLF's, GTO's, STO's, and with CGF's. All calculations give better 
results at the deuteron than at the oxygen nucleus for the quadrupole 
interaction, indicating deficiencies of outer less tightly bound 
Orbitals which may also cause the discrepancies found for the diamag-
netic susceptibilities and the molecular quadrupole moment. 
At this stage of comparison of accurate calculations and high-
accuracy experiments,one must abandon the expressions derived in the 
rigid rotor model and take into account zero point vibrational effects. 
As discussed in this work,the rigid rotor expressions for the magnetic 
moment and for the magnetic susceptibility tensor may well be affected 
by isotopie substitution,especially their paramagnetic parts. 
A similar behaviour may also be expected for hyperfine inter-
action tensors. This may explain the discrepancies between the 
hyperfine constants of several rotational levels of HDO and D O , as 
reported in Sect.U.2.1. 
However, the electronic distribution as proposed by Harrison, by 
Aung et ju., and by Heumann and Moskowitz,represents the results of 
the experiments fairly well without a clear preference for one of 
these calculations. 
In order to serve as a further test of the electronic wave 
functions,it is desirable that future calculations also include the 
anisotropics in the diamagnetic shielding. 
Further investigation of the centrifugal and vibrational effects 
may be performed in future by measuring magnetic and hyperfine cou-
pling constants of other levels of isotopie species of water. The 
interaction tensors may then be determined for each isotopie species 
separately. Comparison of each interaction tensor between the isoto-
pie species may give detailed information on the centrifugal and 
vibrational effects. 
The present results for the quadrupole coupling constants, 
spin-rotation coupling constants, the sign of the electric dipole 
moment, the molecular quadrupole moment, the molecular magnetic moment, 
and the magnetic susceptibility show that the beam-maser Zeeman 
spectrometer is a powerful tool in obtaining these data. The present 
experimental results and the recent reliable SCF calculations make 
water, next to hydrogen, the most thoroughly investigated molecule. 
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SAMENVATTING 
In dit proefschrift worden experimentele waarden voor verschil-
lende één-elektron eigenschappen van het watermolekuul, die tot nu toe 
niet of zeer onnauwkeurig gemeten waren, bepaald en vergeleken met re-
cente ab-initio berekeningen voor de grondtoestand van het watermole-
kuul. 
Een overzicht van één-elektron eigenschappen, die alleen afhangen 
van de elektronische grondtoestand, is gegeven in hoofdstuk 1. De 
belangrijkste zijn: het elektrisch dipoolmoment, het molekulaire 
quadrupoolmoment, de gradient van het elektrisch veld ter plaatse van 
het proton en van de zuurstofkern, de diamagnetische afscherming van 
de kern, en de diamagnetische susceptibiliteit. Van deze grootheden 
waren tot nu toe alleen de absolute waarde van het dipoolmoment en de 
gradient van het elektrisch veld ter plaatse van het proton goed be-
kend. Waarden voor de resterende grootheden worden in dit proefschrift 
bepaald uit het Zeeman-effekt en de hyperfijnstruktuur van 
rotatie-overgangen van isotopische watermolekulen. Deze effekten zijn 
gemeten met een beam-maser Zeeman-spektrometer. 
Deze mikrogolf-spektrometer is gebouwd (zie hoofdstuk 2) naar een 
voorbeeld van Thaddeus en Krisher (i960 en van Bluyssen (1968). Hier-
mee verschilt de huidige spektrometer echter wezenlijk door de aanwezig-
heid van een stabiel en homogeen magnetisch veld in de trilholte.Ter ver-
groting van de gevoeligheid is er verder een systeem ontwikkeld om 
"time-averaging" technieken toe te passen. Met deze spektrometer zijn 
Zeeman-opsplitsingen van ongeveer 5 MHz,met een lijnbreedte van 2 kHz, 
gemeten bij een magneetveld van 12 kG. 
Interpretatie van de gemeten Zeeman- en hyperfijn-spectra is ge-
baseerd op de Hamiltoniaan die behandeld is in hoofdstuk 3. Met be-
hulp van sferische operatortechnieken zijn de Zeeman- en hyperfijn-
opsplitsingen berekend in termen van een aantal koppelingskonstanten. 
De invloed van tweede-orde effekten op de spektra is onderzocht. 
13^ 
De meetresultaten worden besproken in hoofdstuk h. De metingen 
17 
van de hyperfijnstruktuur van de 2-2 overgang van HD 0 geven nauw­
keurige waarden voor de gradient van het elektrische veld ter plaatse 
van de zuurstofkern. De resultaten van de hyperfijn-opsplitsingen van 
de Т.-Тл overgang van HDO, van de b^-5 overgang van D_0, en van de 
6 -5
 1 overgang van H„0 zijn van helang om de invloed van centrifu­
gale distorsie en isotopische effekten op het starre-rotator-model 
te onderzoeken. Het blijkt dat bovengenoemde effekten meetbare bij­
dragen hebben. Het Zeeman-effekt van de 2~~2, overgang van HDO, van 
de 3 p-2p en de '*4-51 overgangen van D p0, en van de 6 -5 - overgang 
van H O is gemeten. De molekulaire magnetische momenten zijn bepaald 
tot op 0.05? nauwkeurig en de koppelingskonstanten voor de magne­
tische susceptibiliteit tot op 10#. Bijdragen van de magnetische af­
scherming van de kernen zijn erg klein en hebben een relatief grote 
onnauwkeurigheid. 
De gemeten koppelingskonstanten zijn geanalyseerd in hoofdstuk 5 
en zijn daar vergeleken met ab-initio berekeningen. De gradient van 
het elektrisch veld ter plaatse van de zuurstofkern toont grote ver­
schillen met eerder gedane metingen, maar is in goede overeenstemming 
met ab-initio berekeningen. De molekulaire magnetische momenten van 
de niveaus van D„0 vertonen geen bijdrage van de centrifugale distor­
sie. Vergelijking met de waarden van de molekulaire magnetische 
momenten van HDO geeft voor het dipoolmoment een waarde, die 20Í af-
wijkt van de waarde die volgt uit metingen van het Stark-effekt van 
water. Het blijkt dat deze discrepantie veroorzaakt wordt door 
nulpunts-vibratie-effekten. Uit de waarden voor de koppelingskonstan-
ten van de magnetische susceptibiliteit en van de molekulaire mag-
netische momenten zijn verschillende één-elektron eigenschappen be-
paald: o.a. het molekulaire quadrupoolmoment. 
Deze experimenteel bepaalde waarden van één-elektron eigenschap-
pen voor de grondtoestand van water vertonen een goede overeenkomst 
met ab-initio berekeningen (Tabel 5-7)· Dit betekent dat betrouwbare 
ab-initio berekeningen van de betreffende grootheden mogelijk zijn. 
Het blijkt dat dezelfde resultaten kunnen worden verkregen met een 
beperkte basis van zowel meer-centra GLF's, GTO's, STO's, en CGF's 
Tenslotte is aangetoond dat men rekening moet houden met 
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nulpunts trillingen van het molekuul bij het vergelijken van de zeer 
nauwkeurige meetresultaten met vaarden voor één-elektron eigenschappen 
zoals die op dit moment berekend kunnen worden. 
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Aan het einde gekomen van dit proefschrift wil ik graag al die-
genen bedanken, die op enigerlei wijze een aandeel gehad hebben in het 
tot stand komen van dit werk. Enkelen van hen wil ik in het bijzonder 
dankbaar vermelden. 
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De Heren J. Holtkamp en E. van Leeuwen voor de uitstekende tech-
nische hulp bij de opbouw van de spektrometer en de uitvoering van 
de experimenten. 
Drs. J. Heuvel voor de samenwerking o.a. bij het berekenen van de 
vele matrix elementen. Van groot nut waren ook de discussies die we 
gevoerd hebben over je doctoraal-thesis. 
Dr. J. Heuss en Dr. R. van Wachem voor de vele verhelderende en 
stimulerende gesprekken. 
Diegenen, die in hun afstudeerperiode stage gelopen hebben bij 
dit onderzoek. Met name de Heer G. Hessels heeft veel geholpen bij de 
uitvoering en uitwerking van diverse metingen. 
Erkentelijk ben ik ook voor de prettige samenwerking met de leden 
van de Werkgroep voor Atoom- en Molekuul-Fysica. 
De dienstverlenende afdelingen wil ik graag bedanken in de personen 
van de Heren J. van Langen, M. van der Kop, en J. van Bommel. 
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der Wiskunde en Natuurwetenschappen onder leiding van de Heer 
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S T E L L I N G E N 
I 
Met behulp van SCF-berekeningen kan men betrouwbare waarden voor één-
elektron eigenschappen van het watermolekuul verkrijgen. Het blijkt dat de-
zelfde resultaten kunnen worden verkregen met een beperkte basis van zowel 
GLF's, GTO's, STO's, en CGF's. 
Dit proefschrift. 
II 
De bewering van Huang, dat de spontane magnetisatie m in het twee dimen-
sionale Ising model spiegel symmetrisch is om de m = T/T as, is onjuist. 
K. Huang, "Statistical Mechanics", p. 373, 
WUey, New York, 1963. 
Ill 
De variatie-golffunkties φ die Conroy gebruikt om de energieën van eenvou-
dige molekulaire systemen te berekenen hebben zowel bij de kemen als in het 
oneindige goede eigenschappen. Het is echter twijfelachtig of het berekenen 
van de energie via het minimaliseren van |<Ψ|Η \Φ>- [<#|H|VO>] \ , zoals 
Conroy dat aangeeft, voordelen biedt boven het minimaliseren van <Ψ|Η|Ψ>. 
Η. Conroy, J. Chem. Phys., 47,912,921, 930 (1967). 
IV 
Ten onrechte worden vaak de korrelatie-koëfficiënten van de koppelings-
konstanten niet berekend bij de analyse van hyperfijne Spektra. Dit kan aan-
leiding geven tot verkeerde konkiusies als men deze experimentele resultaten 
vergelijkt met anderzijds bepaalde waarden voor de koppelingskonstanten. 
V 
Het door Ohno et al. bepaalde evenwicht bij de cis-trans isomerisatie van 
propenylbenzeen wordt door de auteurs onjuist geïnterpreteerd, hetgeen met 
een eenvoudig experiment aangetoond kan worden. 
A. Ohno, Y.Onishi, en G. Tsuchihashi, 
Tetrahedron Letters, 1969, p.643. 
VI 
De redenering waarmee Korving aantoont dat de Chapman-Enskog theorie 
gebruikt kan worden voor de interpretatie van het Senftleben-Beenakker 
effekt van NH3, is niet juist. 
J. Korving, "Viscosity of NH3 in magnetic fields", 
to be published in Physica (1969). 
J. Korving, H. Hulsman, G. Scoles, H. Knaap, en 
J. Beenakker, Physica 36, 177 (1967). 
VII 
Voor de meting van het "radiofrequency size effect" wordt ten onrechte 
geeist dat de vrije weglengte van de elektronen vele malen groter moet zijn 
dan de dikte van het preparaat. Meting van dit effekt is vaak ook mogelijk als 
de dikte van het preparaat vele malen groter is dan de vrije weglengte van de 
elektronen. 
V.F. Gantmakher, in "Progress in low temperature physics" 
(C.J. Gorter ed.), vol. V, p. 182 (1967). 
Vili 
De door Gallagher en Johnson en Favero et al. gemeten spektra van NO zijn 
door de auteurs verkeerd geïnterpreteerd. Het verdient aanbeveling de spektra 
met behulp van de juiste formules opnieuw te analyseren. 
J. Gallagher en С Johnson, Phys.Rev., 103, 1727 (1956). 
P. Favero, A. Mirri, en W. Gordy, Phys. Rev. 114, 1534(1959). 
IX 
De strukruur van deze samenleving is zodanig dat de intellectuele begaafdheid 
van vrouwen niet genoeg kansen krijgt om zich te ontwikkelen en niet doel­
matig wordt ingezet. 
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